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Introduction 


INTRODUCTION 


Ronald  S.  Thomas 
Deputy  Director 
SACLANT  ASW  Research  Centre 
La  Spezia,  Italy 


Tne  project  to  construct  an  acoustically  quiet  research  ship  for  the 

SACLANT  ,ASW  Ref  arch  Centre  provided  a  reason  for  SACLANTCEN  to  organize  a 

conference  on  silent  ships,  their  operation  and  applications.  The  ship,  to 
he  delivered  in  1986,  will  have  a  strong  impact  on  the  Centre's  ability  to 
undertake  research  and  to  meet  its  mandate  to  provide  scientific  and 

technical  advice  on  ASW  to  SACLANT.  This  is  especially  true  since  there  Is 
an  increasing  trend  towards  research  at  lower  acoustic  frequencies,  where 
most  of  the  under-water  background  noise  Is  generated  by  ships. 

The  new  ship,  the  first  actually  owned  by  NATO,  will  be  operated  by  a 
commercial  firm  and  will,  as  with  the  present  research  ship,  be  used  by  a 
NATO  international  scientific  staff  serving  on  relatively  short-term 
contracts.  This  higher-than-normal  rate  of  turnover  In  the  research  staff 
leaves  flexibility  for  adjusting  scientific  programmes,  but  also 

accentuates  the  need  for  good  planning. 

The  conference  was  an  opportunity  to  discuss  problems  related  to  the 
operation  and  applications  of  quiet  ships  in  a  forum  In  which  the 
participants  had  an  unusual  combination  of  disciplines.  The  result  was  a 
series  of  stimulating  exchanges  and  a  broadening  of  perspectives  for  all. 

Undoubtedly  the  conference  will  influence  the  Centre  In  Its  planning  for 
the  management  of  this  specialized  quiet  ship  and  will  affect  thinking  for 
staffing.  At  the  same  time  It  has  made  more  people  aware  of  the  new  ship 
that  will  often  participate  with  NATO  nations  in  joint  experimental 
studies,  following  the  tradition  established  with  SACLANTCEN's  previous 
chartered  ships:  the  MARIA  PAOLINA  G.  and  the  ARAGONESE. 

SACLANTCEN  is  grateful  for  the  contribution  of  all  participants  and  hopes 
that  they  have  also  found  the  conference  both  Informative  and  enjoyable. 
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DIFFERENT  rtPPROftCHCS  TO  ECONOMIC  CPU ICING  SPEEDS  ON  ft  CODOG 
FRlGnTE  WITH  DUE  REGhRO  ro  ROD I ft TED  NOISE 


by 

Luc  jo  ftcc  ardo  v  i  DR ,  IN)  &r<ci  Massimo  S  ••or  1  'COR,  IN' 
Mar  icoriavarmi  ,  HOD  Navy 
Rome,  Italy 


HftSTRnCT 

ftll  in  recent  years,  have  bean  much  more  concerned  in 

economic  cruising  speeds  of  ships.  Frigate  type  ns','*l,  jhtf>»  are 
usua  l  Iv  character  lzed  by  tuio  shafts,  by  multiple  propulsion 
engines  per  shaft,  and  by  different  type*  of  propulsion  engines 
i'jM  turbines  and  diesels).  When  economic  cruising  speed  is' 
essential  ( tor  example  during  tr^risit,  missions.)  naval  ships  are 
usually  operated  at  asymmetrical  shaft  revolutions,  with  one 
propulsive  shaft  and  the  other  trai  ling.  This  paper  illustrates 
the  impact  on  cavitation  <,and  therefore  on  radiated  noire.)  or 
asymmetrical  shaft  revolutions  mode  of  operation  compered  to  the 
e"en  shaft  revolutions  mode  of  operation. 


INTRODUCTION 

It  is  well  known  that  specific  fuel  consumption  of  gas  turbines 
increases  with  decreasing  power  output.  When  a  gas  turbine  ship 
is  underway  at  relatively  low  speeds  the  mode  of  operation’  with 
one  shaft  propelled  and  the  other  trailing  is  more  favorable 
than  operation  with  two  propelled  shafts.  Fuel  corruption  in 
this  condition  is  lower,  in  spite  of  the  additional  drag  of  the 
tr ai ling  shaft. 

CODOG  ships  have  the  advantage  of  been  able  to  reach  speed  not 
attainable  with  diesel  propulsion  in  an  unconventional  way,  that 
is  with  one  shaft  propelled  by  diesel  engine  at  nominal,  speed, 
and  the  other  shaft  propelled  by  a  gas  turbine.  In  this 
condition  the  drag  of  the  slow  shaft  is  reduced,  the  r.p.m. 
difference  between  the  two  shafts  is  also  reduced,  and  an 
overall  lower  fuel  consumption  ha*  been  measured. 

Specific  trials  have  been  carried  out  to  investigate  this 
unconventional  machinery  line-up.  The  speeds  investigated  were 
those  corresponding  to  a  Froude  number  of  0.337  and  0.363. 
These  ship's  speeds  are  attainable  with  the  following  propulsion 
machinery  llpe^ups  i 

-  one  gas  turbine  on  each  shaft 

-  on*  gas  turbine  on  one  shaft  and  the  other  trai  ling 

-  one  gas  turbine  on  on*  shaft,  and  a  diesel  engine  at  nominal 
r.p.m.  on  the  other  shaft 
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tin  acMi  f  ion*  l  uve  t  i  -j at  i  on  mas  p*r  fomunl  at  a  F roude  number-  of 
li.uO/,  atteincb  l#  on  Iv  with  ons  -^as  turbiris  on  each  shaft  or 
with  one  i  as  turbine  on  on*  jhj+t  and  +he  other  shaft  t.r-a.1.  lin-3. 


I  1k;hL  or  u'FIF'T  It'iM 

Th~  tr  i  a  l  s  h  *'  '*  b*#ri  carried  out  in  the  northern  Tvrrsm  in  s'**, 
in  the  month  ot  tipr  t  1.  1'JtS^.  Weather  conditions  were  iood ,  with 
=>  Iro  a  sr  ■  ar  1  :-b  l  e  wind  tore#  1.  The  ship  w  as  *t  the  tri*l 
'.U.r'i.i'isiwnt,  with  c  lean  hull  arid  propellers, 

Th*  pitch  n  rui'r.;.  I  l  sb  i#  hM)  propellers  mss  kept.  -.fr  the 
•i-rsi.in  value  due  in-)  the  trials. 

The  to  l  lo"'iri3  "a/'i  las  mere  measured  during  the  trials  : 

-  ship's  speed  hv  Favdut 

-  slijt  +  i'  tor-tue  by  tor •tuerne+er s 

-  iliitti-  r.p.rn.  by  counters 

-  tue  l  oonsuption  by  on-board  f i  «  l  meters 

The  cevition  sketches  were  taken  on  the  port  shaft,  equipped 
<»ith  propeller  viemincj  windows. 


i  MTnjVT  ImH  ;■>  LTCHES 


Tables  1 .  .  2.  ,  arid  3.  summarize  the  computed  values  ot  the 
torque  coefficient  h-n  and  ot  the  cavitation  index  orn  based  on 
the  "alue?  ot  power  and  shaft  r.p.rn.  measured  during  the  trials. 

The  following  r  e  lationships  have  been  used  t 


Ka»-Z3...Pd 

^  3Tlj»«*D* 


2  *4000 


<jn  m-dO'4*<>  ,+  / 3400 
n  52,5  »*D* 
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where  i 

-  fn  is  the  Frou'il'J  nuMbor 

-  L  is  the  ship's  in  r n»t^rs 

-  g  is  the  act*  l«rr  stion  due  to  <jrs,|i  tv  in  rn,’s2 

-  t  .1  is  the  power  in  horsepcuer 

-  N  is  the  propeller  r.p.m. 

-  D  is  the  propeller  diameter  in  meters 

-  1  is  the  propeller  center  disk  draft  in  meters 

The  cavitation  sketches  at  Froude  numbers  of  0.307,  0.337  and 

0.  368,  with  the  ship  propelled  at  »*en  shaft  r.p.m.  by  a  ?«S 
turbine  per  shaft ,  are  ji'en  in  Fig.  1,  Fig.,  8 ,  _<nd  Fig  3. 
respect  i'  e  Iv. 

The  cavitation  sketches  at  Froude  nvmbers'ot  0.307,  0,337  and 

0.363,  with  the  ship  propelled  at  asymmetrical  shaft  r.p.m.  mitr 
a  gas  turbine  on  one  shatt  arid  the  other  shaft.  trailing,  <sr  ? 
given  in  Fig.  4,  Fig.  5,  arid  Fig.  6  respectively. 

The  cavitation  si e tches  at  Froude  numbers  of  0.337  and  0.363, 
with  the  ship  propelled  at  asymmetrical  shaft  r.p.m.  with  a  gas 
turbine  on  one  shaft  and  a  diesel  engine  at  nominal  speed  on  the 
other  shatt,  are  given  in  Fig.  7  and  Fig.  3  respect ive  ly. 
Froude  number  ot  0.307  has  not  been  considered  since  it  is  not 
attainable  in  this  propulsive  condition. 


3  COMMENT'S  0H  TfilOL  FESIJLT'5 

Examination  of  cavitation  sketches 
comment  s  i 


leads 


to  the  following 


mini  mum ,  as 


3.1.  at  even  shaft  r.p.m.  extension  of  cavitation  is 
expected. 

3.2.  at  asymmetrical  shatt  r.p.m.  i 
3.2.1.  fast  shatt  i 


back  cavitation  is  always  present,  and  the  extension  is 
larger  with  increasing  shaft  r.p.m.  difference  between  the 
two  shafts. 

face  cavitation  is  present  on  ly  in  the  l^ast  r.p.m. 
difference  between  the  two  shafts. 


3.2.2.  s  low  shaft  » 

back  cavitation  is  present  at  Froude  numbers  ot 
0 . 368  on ly  when  the  s  low  shatt  i s  connected  to 
engine. 

face  cavitation  is  always  present,  and  the  e| 
larger  with  increasing  shatt  r.p.m.  ditterence 
two  shatts. 
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0.337  and 
the  diesel 

jxtension  is, 
loetween  the 
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4  I'  nhCLI.i '•  IOH'5 

Th*  tri  »U  <:  ar  r  i  «•■;*  out  h  am*  c.oritirm*cl  that  i 

-  optimal  '-.orKli  tions .  trom  the  point  uf  o  1  of  caul  tstion 

attained  with  even  shaft  r.p.rn. 

♦  h*  Hi.-.r-rt  *;ami  t at  ion  extension  has  been  obseroed  when 
jhirt"  is  prop*  l  led  by  on*  shaft  an’*:!  the  other  is  trailing. 

; hi  p  's  propulsion  by  on*  -aas  turbine  arid  on*  di»s« 
woder  at*  W  as  •r..r..*tr  ica.l  shaft  r.p.rn.  is  the  best  from  the 
‘.or<S’  imp  f  ion  point  of  uiew  and  represent  a  -joed  cornpr  c-fnl  S* 
the  o  w‘  I  t  at  io<n  point,  of 
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PROPELLER  LEADING  EDGE  TMI1I MG  AMD  NAIMTENAWCE 
EFFECTS  ON  SNIP'S  NOISE  OPERATIONAL  PERFORMANCES 


L.  Arcardo  -  N.N.I.  -  C.E.I.N.N.  -  Rom  (Italy) 
F.  B*u  -  FINCANTIERI  -  C.N.I.,-  Gmovi  (Italy) 


ABSTRACT 

In  the  laat  ten  years,  considerable  experience  has  been  gathered  at 
CEINM's  cavitation  tunnel  (Centro  Eaperlense  Idrodinaniche  Narine  Ml li ta¬ 
re  )  on  the  effects  of  propeller  leading  edge  geometry  on  cavitation  (and 
noise)  performances .  The  experience  has  been  gained  on  both  model  and 
full  sale  testa,  carried  out  by  using  varloum  techniques.  Some  conside¬ 
rations  are  also  made  on  the  deslgyi,  manufacture  and  aaintenance  needs  la 
posed  by  today's  silent  ship  design  and  operation. 


INTRODUCTION 

It  im  veil  known  that  a  fluid  surrounding  a  lifting  surface,  with  foil 
type  sections,  undergoes  the  most  important  velocity  variations  in  the  vi 
cinity  of  the  section's  leading  edge  (1,2). 

During  one  revolution  of  a  propeller  blade,  the  velocity  variations  are 
related  to  the  sake  distribution  at  the  propeller  disc,  the  propeller 
working  conditions,  and  the  cavitation  number  (3,  4). 

At  the  initial  propeller  deelpr  stage,  soma  pawiters  can  be  suitably 
chosen  to  delay  cavitation,  vis,  low  RPM,  regular  saka  field;  loading  di¬ 
stribution,  show,  ate.  ,  (5,5).  Although  the  shole  blade  geonstry  le  re¬ 
sponsible  for  a  given  cavitation  behaviour,  the  lcadii*  edr-  la  the  re¬ 
gion  where  the  cavitation  first  starts  end  develops.  Due  to  the  iaportant 
correlation  between  cavitation  and  notes, (7,8),  any  operational  require¬ 
ment  which  implies  quietness  eekee,  therefore,  the  leading  edge  gooaatry 
very  Iaportant. 

Unfortunataly ,  the  leading  edge  region  ie  difficult  to  shape  properly  at 
the  production  stage,  and  avea  sore  difficult  to  check  and  control  secure 
tely  and  aaintaln  efficiently. 
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In  this  pap<*r  some  examples  of  propeller  leading  edge  geometry  efforts  ort 
■  .ivi'.ition  and  noise  behaviour  of  both  full  scale  and  v.  del  propellers 
ire  briefly  presented  and  discussed.  The  analytical  illustration  of  the 
eifeets  of  geometrical  details,  working  conditions  and  local  Reynolds  num 
her  on  the  fluid  velocity  distribution  and  cavitation  onset  of  propeller 
blade  is  not  the  scope  of  this  paper;  considerable  literature  'an  be 
found  on  this  field  *,  10). 


1  I'KdiON  PROBLEMS 

Mien  lew  noise  piopellers  are  to  be  designed,  several  computer  programs 
can  provide  rather  accurate  theoretical  predictions  on  the  cavitation  and 
vibration  performances  of  a  given  propeller  geometry  operating  at  given 

rood  I  t  ions  i  i.  1  , 

One  fundamental  design  parameter  is  the  local  full  scale  wake  field, 
still  ill  known  at  this  stage.  Therefore  all  designs  are  developed  and 
optimized  under  some  .assumptions  about  the  wmke  field. 

The  leading  edge  is  the  moat  sensitive  part  of  the  blade  with  reaper*  to 
both  *. ,ie  local  ,  wake  pattern  and  the  cavitation.  Definite  risk  exists,  of 
local  unadequacy  of  the  propeller  geometry  when  the  wske  field  showB  un¬ 
expected  variations.  However,  leading  edge  trimming  can  give  positive 
solution  to,  the  problem 


EXISTING  STANDARD  AND  PROPELLER  CAVITATION 


Propellers  manufactured  to  the  tolerances  prescribed  by  the  international 
ISO'  464-81  standard  will  in  general  have  propulsive  performances  corre¬ 
sponding  to  the  design  and  modal  tasting  stage  predictions. 


On  the  other  hands,  generous  tolerrr 
blade  where  the  cavitation  pher 
gion,  blade  root  region).  Sectional 
come  quite  significant  at  the  laadi 
ventually  to  the  conclusion  that 
studied  and  adopted  when  special  qul 
resents  to  a  given  propeller.  I 
tlonal  standards,  does  not  represent 
against  cavitation  onset. 


ices  are  al lowed  In  those  parts  of  the 
first  occur  (tip,  loading  edge  re- 
thic knees  distribution  tolerances  be 
edge.  Experience  gathered  leads  e- 
•  case  by  case  tolerance  must  be 
tness  la  Imposed  by  operational  requl 
ctlon  accuracy,  according  to  interne- 
in  such  cases  a  sufficient  safeguard 


Propeller  geometry  check  prociAirii  In  blade  regions  where  large  curve 
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ture  variations  occur,  are  difficult.  Templates  can  be  used  only  at  given 
pcs  it  tors,  and  even  there  the  resulting  accuracy  is  at  leaat  doubtful. 

Check  problems  exist  also  for  numerically  controlled  Manufacturing.  Spot- 
checks  are  possible  by  using  the  saae  Manufacturing  equipment,  but  the  ne¬ 
cessary  quasi -continuous  (high  density)  check  is  impractical  (13). 

3  MAINTENANCE  PROBLEMS 


Low  noise  propeller  maintenance  during  the  operational  life  of  the  vessel 
is  extreeely  important. 

The  use  cf  grinding  machines  can  be  allowed  for  :leaning  flat  areas  (sub¬ 
ject  tc  some  precautions).  Their  use  must  be  absolutely  forbidden  where 
local  surface  curvature  variations  exist  or  where  air  injection  systems 
are  used.  Frequent  maintenance  by  suitable  brushing  and  compressed  air 
cleaning  must,  be  adopted. 

A  special  problem  is  encountered  when  geometry  check  must  be  performed  on 
ship  propeller  ouring  dry dock.  This  check  should  be  performed  on  a  rou 
tine  basis  or  when  local  damages  occur.  Difficulties  in  carrying  out  this 
geometry  checks  “  on  the  spot  "  Impose  disassembly  of  blades  (in  a  C.P.P) 
or  dismounting  of  the  whole  propeller. 

4  LEADING  EDGE  TRIMMING  EFFECTS  -  A  SAMPLE  CASE 

A  practical  case  might  well  illustrate  the  leading  edge  trimming  effects 
on  propellers  of  twin  screw  naval  vessels.  During  the  design  and  model 
testing  phases,  particular  cere  had  been  paid  to  propulsion  performances 
optimisation,  as  well  as  noise  and  vibration  minimisation. 

final  trlala  well  confirmed  predicted  performances,  but  during  the  strobo¬ 
scopic  testa  an  unexpected  local  cavitation  phenomenon  warn  observed  on  the 
face  of  the  propeller,  at  the  leading  edge,  when  the  blades  were  at  an 
angular  position  of  about  300  degrees  (0  degrees  upwards)  (14). 

Accurate  checks  led  to  the  conclusion  that  blade  leading  edges  wars  to  be 
aanufectured  according  to  a  closer  tolerance,  and  corrective  actions  ware 
then  undertaken.  A  successive  stroboscopic  test  did  shew  an  iaprcvsnsnt, 
but  some  problems  etill  existed  (15). 

Studies  were  then  carried  out  by  means  of  model  teats,  where  wake  field 
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scale  «ffecta  were  systematically  varied,  assuming  different  scale  lac- 
tors.  Local  wake  effects  on  cavitation  onset  were  also  investigated. 

A  local  leading  edge  trimming  was  defined  aa  possible  solution  :  a  consi¬ 
derable  increase  on  face  cavitation  inception  speed  was  expected  together 
with  a  very  alight  decrease  of  cavitation  performance  of  the  back  and, with 
out  modifying  in  practice,  propulsive  performances  (16). 

Model  modi  float ions  and  succesnive  tes-a  at  the  cavitation  tunnel  proved 
such  a  solution.  F13.  1  shows  the  maximum  extent  of  modifications.  After 
applying  the  above  modifications  to  the  full  scale  propellers,  sea  trials 
were  carried  out,  and  a  full  confirmation  of  the  aodel  cavitation  perform¬ 
ance  was  found.  Table  1  gives  the  cavitation  onset  Froude  number  values 
for  various  cavitation  phenomena  before  and  after  the  trimming  (in. 


S  LEADING  EDGE  MAINTENANCE  -  A  SAMPLE  CASE 

Stroboscopic  testa  carried  out  on  board  another  claaa  of  naval  vessels, 
shew  a  propeller  cavitation  behaviour  somewhat  siaiiar  to  what  already  men 
tioned  under  para  4  above.  A  very  thin,  flaahing  face  (and  partially 
hack)  leading  edge  cavitation  waa  observed  at  rather  low  speeds  (Froude 
number  -ibout  0.19), at  about  0.6  R  of  th?  propeller '  blades,  as  shown  in 
Fig.  2,  (18).  Local  defects  (scratches)  at  the  leading  edge, where  cavita¬ 
tion  was  observed,  were  found  during  successive  dry dock  inspection.  Dimen¬ 
sions  of  scratches  were  about  80  ms  long,  2  am  wide,  and  2  am  deep.  They 
could  have  beer,  caused  during  one  of  the  bladea  handling  and:  mounting' 
or  by  cables  in  mooring  or  towing  operations  or  to  Improper  maintenance . 

Proper  corrective  maintenance  actions,  leading  to  the  elimination  of  auch 
scratches,  kept  again  tha  cavitation  onset  speed  at  the  original  value 
(Froude  number  0123). 


6  CONCLUSIONS 

Stroboscopic  tsota  results  gathered  during  sea  trials  when  compared  with 
theoretical  cavitation  predictions  can  show  tha  preaenca  of  unexpected  lo¬ 
cal  wake  dieturbanclee  and/or  geometries 1  Inadequacies  at  tha  leading  edge 
of  the  propeller.  Corrective  actions  are  p'^aible.ln  feet  the  results  ob¬ 
tained  stressed  the  iaportance  of  both  shaping  and  auecoaslva  aaintsnanca 
of  tha  loading  adga. 

Accurate  blade  manufacturing  and  rigorous  cheeking  procedures  are  also  ne- 
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ceasary.  The  development  and  the  systematic  Use  of  a  leading  edge  geome¬ 
try  measuring  equipment  (possibly  portable)  will  be  a  powerful  tool  for 
improving  the  present  acoustic  performances  of  silent  vessels. 


PHENOMENA 

OFIGINAL 

LEADING  EDGE 

TRIMMED 

LEADING  EDGE 

Back  sheet  cavitation 

(at  leading  edge) 

0.231 

0.231 

Face  sheet  cavitation 
(at  leading  edge) 

0.207 

0.287 

'  , 

Back  bubbles 

0.415 

0.415 

Hub  vortex 

m 

0.415 

Table  1  -  Froude  numbers  of  cavitatio*.  onsets 
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D l scuss ION 

(V.  Thomas  (United  Kingdom):  Wha  is  the  significance  of  Froude  number  in 

the  context  ot  this  study?  Is  speed  the  only  parameter  that  is  changing? 

I..  Accardo:  The  Froude  number  indicates  the  increase  in  ship  speed  in 

relation  to'  some  other  parameters  (revolutions,  power  output,  etc.).  It' 
has  been  substituted  for  sh’p  speed  in  this  unclassified  presentation. 
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"INCIDENCE  DU  BRUIT  ACOUSTIQUE  DE  THONIERS  LIGNEURS  ET 
SENNEURS  FRANCA  IS  3UR  LEURS  PERFORMANCES  DE  PECHE" 

C.  BERCV  -  B.  BORDEAU  -  C.  DEPOUTOT 


RESUME 

Los  auteurs  presentents  quelques  expertises  acoustiques 
provenant  de  deux  etudes  realisees  par  le  G.E.R.B.A.M.  : 

.  la  premiere,  sur  95  thoniers  ligneurs  pratiquant  la  peche 
du  germon  (Thurnus  alalunga) , 

.  la  seconde ,  sur  1 8  thoniers  senneurs  Dratiquant  la  peche 
du  listac  (Katsuwonus  pelamis >  et  de  l'albacore  (Thunnus  albacares). 

La  structure  speqtrale  du  bruit  de  chaque  navire  est  analysee 
correlativement  a  ses  resultats  de  peche  et  aux  capacites  auditives 
du  poisson. 

Des  resultats  signifies tifs  mettent  en  evidence  1‘effet  negatit 
de  raies  importantes  dans  la  gamme  200-700  Hz  (bande  auditive  des 
Thonides),  sur  les  performances  de  peche. 

Ure  etude  statistique  de  la  flottille  germoniere,  basee  sur 
l'analyse  factorielle  des  caracteristiques  des  bateaux  (age,  longueur, 
tonnage,  puissance,  type  de  coque,  resultats  de  peche)  confirme 
ces  resultats. 

Ces  premieres  mesures  constituent  une  base  de  reflexion  pour 
la  realisation  de  navires  de  peche  "peu  bruyants"  dans  la  gamme 
auditive  des  especes  qu'.ils  recheicnent. 


INTRODUCTION 

Ces  dix  dernieres  annees ,  le  droit  international  en  matiere 
d ' exploi ta^ion  des  ressources  halieutiques  a  evolue  dans  le  sens 
d'une  forte  augmentation  des  contraintes  pour  les  prof essionnels 
de  la  peche  :  mise  en  place  de  zones  de  peche  et  de  quotas,  liirti- 
tation  des  engiris  de  capture... 

Les  Armements  Frangais  doivent  done  faire  face  a  <Jes  diffi- 
cultes  techniques  et  economiques  croissantes. 

La  peche  thoniere  dans  son  ensemble,  confrontee  a  une  compe¬ 
tition  internationale  tres  vivo,  est  plus  particulierement  exposee. 
L'ajustement  des  charges  et  dv  chiffre  d'affaires  »«t  de  plus  en 
plus  difficile  a  realiser.  La  rentabilite  des  arm.  its  est  soumise: 

-  a  la  stagnation,  voire  la  baisse  des  cours  du  thon  sur  le 
marche  mondial, 

-  aux  difficultes  d'ecoulement  rencontrees  par  les  conser - 
veurs, 

-  au  prix  du  carburant  (1kg  de  thon  equivaut  a  0,85  1  de  fuel) , 

-  a  la  diminution  des  stocks  de  thonides. 

Ainsi,  la  p6che  germoniere  connait  un  declin  important,  le 
nombre  d* unites  passant  de  480  en  1967  h  106  en  1983. 

La  grande  peche  du  thon  tropical  (30  unites)  reste,.  cependant, 
un  secteur  dynamique,  mais  menace. 

Une  intensification  de  la  recherche  appliquee  dans  ce  domaine 
se  iustifie  done  particulierement. 
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I  -  HRI ITT  A  HOW)  DES  NAVI RES  I>K  CKO  IK  KT  PERCEPTION  ACOUSTIOEE  DES  KSPECES 


I  ,  I  ,  PARAMCTRES  INFLKANT  Sl’K  J  .RS  PERFORMANCES  DE  PECHE  D '  I  IN  TUONIER 

Do  t  rrs  numbrcux  f  actcurs  lnuont  sur  It  rendement:  d'ur,  then i or 
or  11  scrait  vnin  de  veuloir  on  dresser  une  liste  exhaustive. 

E.i  pecne  du  qer"<on  est  pr.it  lquec  en  ete  dans  1  ‘  A  t  lan  1 1  quo  . 
Nora  par  des  thoniers  Honour  s.  l,o  then  est  capture  en  surface, 
au  moyen  de  1  iqnes  traina.-.tes  (Ifl  1  lqnes  par  bateau  au  maximum). 
Cette  technique  de  pecho  est  hasee  sur  le  compor  temortt  a  1  imon  t  -  . ,  e 
du  then,  et  le  bruit  qenei  e  par  le  b.iteau,  a  priori  et:  aux  iires 
des  pocheurs,  jouo  un  role  important  sur'le  rendement. 

On  distinque  trus  qroupes  de  facteurs  mfiuant  sur  le  debar - 
quement  global  du  thonier  (Fiq  I.)  : 

-  L, 'ensemble  des  c.u  acterist  lques  du  bateau  (longueur,  puis¬ 
sance,  t  vpe  de  coque,  tonnaqe...)  conditiorine  diroctement  l'effici- 
citf  du  navi  re  en  presence  du  banc  de  then  -ou  "puissance  <j.  pecho- 
locale"  .  Notons  que  des  caracter  istiques  tres  fines,,  belles  que 

1  lqne  d'eau  et  siilage,  l  n  t  er  v  lennen  t  egalement. 

-  I, a  valeur  de  l'equ  page  (experience  du  patron,  hatulote 
des  marins  pecheurs...)  joue  sur  la  "puissance  de  peche  locale", 
mais  sur  tout  sur  la  "capac  i  ce  s  t  ra  t  eq  lque”,  e’est-a-dire  1' apt  it  ude 
a  roperer  et  se  rendre  au  bon  moment  sur  les  zones  de  peche  ies 
plus  favorables. 

-  Enfin,  ies  facteurs  exterieurs,  tels  que  les  conditions 
climatiques  et  hydrologiques  ,  la  densite  et  1 ' accessibi li te  du 
poisson,  condi t loonen t  en  partie  le  debarquement  global. 

Le  bruit  du  bateau  ne  depend  que  des. caracteristiques  du 
navire  et  agira  done  sur  le  debarquement  par  1 ' intermediai re  de 
la  "puissance  de  peche  locale". 

La  peche  a  la  senne  est  pratiquee  toute  l'annee  dans 
l'Atlantique  tropical  et,  depuis  peu,  dans  l'Ocean  Indien.  l.a 
technique  utilisee  est  beaucoup  plus  brutale  :  le  banc  de  thons 
est  encercle  rapidement  dans  un  filet  circulaire,  la  senne,  qui 
couvre  plusieurs  hectares 

Les  principaux  facteirs  d'echec  sont  : 

-  la  fuite  du  banc  lers  de  l'approche  du  bateau, 

-  la  plongee  en  profondeur  des  thons  pendant  la  manoeuvre 

d ' encerclement  du  banc  et  le  deploiement  de  la  senne,  qui  dure  une 
trentame  de  minutes  avant  la  fe:  meture  totale  du  filet, 

Les  memes  groupes  de  facteurs  jcuant  sur  le  rendement,  cites 
ci -avant,  se  retrouvent  avec,,  en  plus,  quelques  parametres  propres 
aux  senneurs,  comme  les  dimensions  du  filet,  et  1 ’ utilisation  ou 
non  d'un  helicoptere  de  recherche. 

D'autre  part,  au  bruit  genere  par  l'appareil  propuls ’ f  du 
bateau,  s'ajoute  celui  de  puissants  propulseurs  d'etraves  (3C0CV) 
qui  permettent  de  positionner  le  navire  lors  de  la  manoeuvre  - 
d  ■  encer clement ,  et  de  "skif f s  "  ( 600  CV )  ,  embarcations  annexes  rapide  > 

1,2,  CAPACITES  AUDITIVES  UES  POISSONS 

L'appareil  auditif  presente,  chez  les  poissons,  urie  variabi- 
bilite  macro  et  micro  structurale  considerable.  Cependant,  leur 
percept  on  sonore  depend  principalement  de  l'oreille  interne,  de 
la  vessie  natatoire  et  ses  annexes,  et  du  systeme  lateral. 

La  determination  des  seuils  d* audition  souleve  des  problemes 
complexes  [1].  Le  plus  important  est  sans  doute  celui  pose  pat 
1' existence  de  deuic  grandeurs  liees  au  phenomene  sonore  :  la  pres- 
sion  acoustique  et  la  vitesje  par ticulaire.  Actuellemertt ,j  des  dis- 
poaitifs  sophistiques  permettent  de  controler  ces  deux  grandeurs. 
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II  -  IM'IDENO  DU  BRUIT  DES  "13)01 1 ERS  LIGNEURS  (GERMfti.ERS )  SUR  LEURS  CAPTURES 


2.1.  I ( I STTXiR A.HMES  DES  CAFTVRES  FS  FUNCTION  DO  TYPE  DE  SPECTRE 

Nous  avons  rotenu,  comme  resultats  de  peche.  les  debarquements 
ql  r-.iux  ,  t-n  Tonnes,  yes  deux  premieres  marees  de  juillet  et  aout 
198).  '  . 

A  l’examen  de  1 • h ist ogr amme  des  debarquements  cumules  sur  les 
deux  marees  c  F  i  q  o . ) ,  on  remarque  un  qroupe  de  9  bateaux  ayant  des 
resultats  nettement  plus  eleves  que  Le  reste  de  la  flottille,  avec 
des  )eb.-irquomont  s  cumules  superieurs  a  25  tonnes.  Ces  unites  ont 
t  out  es  un  spectre  de  type  C. .  De  plus,  ll  est  frappant  de  consumer 
que,  purmi  les  10  meilleures  unites,  se  trouvent  9C  et  IB  et,  a 
1  inverse,  p.trmi  les  10  moms  bonnes,  se  trouvent  7A  et  3B. 

I.cs  h  i  s  t  oq  rammes  par  type  de  spectre  montrent  une  superionte 
s.qnif icat ive  des  navires  C  sur  les  B,  et  du  type  B  sur  le  type  A. 

P’ autre  part,  les  3  unites  a  coque  polyester  se  trouvent 
parmi  les  9  meilleu.’es.  ce  qui  confirme  la  bonne  qualite  de  re 
mater l a u  sur  le  plan  de  1'acoustique  sous  -mar ine. 

La  f inure  7  fait  apparaltre  les  resultats  de  chaque  maree. 
le  "ruaqe"  des  points  representant  les  bateaux  C  se  demarque  net¬ 
tement  du  reste  de  la  flottille,  ce  qui  prouve  leur  superionte, 
pour  chacune  des  deux  marees. 

Les  moyennes  calculees  sur  62  bateaux  sont  presentees  dans 
le  tableau  suivant  : 


eoyenne 

ganerale 

(Kg) 

eoyenne  dee 
bateaux  A 

(Kg) 

moyenne  dee 
bateaux  B 
(Kg) 

eoyenne  dee 
bateaux  C 
(Kg) 

X  augmentation 

C  par  rapoort  a  A 

lere  mare* 
(64  bateaux) 

10  406 

9  239 
(26) 

9  451 
(13) 

12  349 
(23) 

♦  33,66  X 

viro 

(63  bateaux) 

•  271 

7  294 

(27) 

8  254 

(14) 

9  480 

122) 

♦  29,97  X 

Maultats 
cumules  sur 

earees  1  et  2 

(62  bateaux) 

18  710 

16  263 

(26) 

18  049 

(14) 

22  024 
(22) 

♦  35,42  X 

Ainu,  1' importance  du  facteur  bruit  est  telle  qu'elle  appa- 
ralt  clairemem  sur  les  debarquements  globsux,  bien  que,  comme  nous 
l'avons  vu.  de  nombreux  sutres  parametres  interviennent . 

2.2,  ANALYSE  PACTOftlELLE  DC  LA  FlXrmUJE  GEBHONIOtE 

Une  methods  d* analyse  multivariable  a  4t4  applique#  aux 
donnees  recueillies  sur  les  germomerc  pour,  d'une  part  avoir  une 
vision  synthetique  de  la  flottille,  d'autre  pert  pour  tenter 
d’expliquer  la  difference  d‘efflcacit4  entre  les  ligneurs.  Pour 
cette  analyse,  nous  n'avons  retenu  que  les  carect4nstiques  c*es 
bateaux  obtenues  pour  la  «a]orit4  des  liqneurs  expertises  en  1983: 
Age,  longueur,  tonnage  du  nsvire,  puissance  nominal#  du  moteur, 
debarquements  cumules,  nature  de  la  coque,  origin#  gAographique. 

L 'ensemble  de  ces  donnies  s  4t4  sutler— nt  rassembl4  pour  56  ligneurs. 
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;  .  si'ui  1  „u  r.ivivia  ;l«UTt.iblf ;  est  deficit  cc«we  le 

•. ;  ■.  c.r.j  .  j«  f  ressi  r,  .s  r  ■  mr.imlr  p<  u:  1  equel  le  potsscn  repond 
-  t  r  -  r  ?  ffiT,  r  .1  i  t  st  j.-n.  l*s  traces  d  •  aud  i  oqrjswrs  p assent 

;  ,•  ir,,  ijv  ,•  h  ..si's  .?«•  c.-.r:  1 i  t  i  <  nneT.en  t  .4’  mdividus.  I  Is 

:  r  *«•:.*  :«■  irurs  irM'-’S,  -les  informations  ut:  i  .*»s  ,;ijr 

:  -  j.r.-  <  n  t  r'":i  ii-nr.  du  systeme  audit  if.'  des 

:  ; :  >  .  ■  r.-  ;  :  /  :  ijt:  jr  ,  raxes  intTcss.int  la  qr and*  peer  e 


.  ...  :•  ■  ; :  :  \ :  T! .  r*t  •• ; :  it  f- Hi;  its  les  ovte.vk 

•  s  )•  u*  T h  m  U  :»  p-  or  Irsqu.-is  1VERSEN  I  2  ]  <».  etafcl  i  des 
.  i  'lit  irn.-  i  Tbur.nus  .it  i.-.tits  >  et  la  Then  ire 

•  ►  .  -Ms  •  »i  f  :  •  i  s  .•  c  reset,  tent  vine  q  ,»»e  d  ’  audit  ion  comprise 

«:■:  r  «  m  it  •m.-o »  «  r.t  re  ;  dO  ♦•?  1  0  <  *  0  H/  ,  avec  un  opt  i»u»  *  500  Hz’ 

•  .  r  r.  .  !  i  Ji  s  tvr»  -  *»•  le  niveau  ac;  ustique  entre  le#  seen  is  des 

:•  <  .*;(■•  c*s  p  'or  r  lit  et  re  due  a  la  presence  d’une  vessie  n  a  1 a  lure 

•  . 1  1  1  ;[■!•'■  re.  me*  1st  ante,  cbez  la  Thonine.  et  a  un«*  vttesse  de 

i  ;lvs  le  cet  t  «•  lerniere. 

:  .  s  <uli  :  r  trara.s  des  autres  Thcnides  font  default.  C<  pendant, 

•t  .)»•*•  r.  t  r»-  t  je  .les  especes  t  aiionomiqueeent  proeftes  ont  des 

jr  se~rlat.es.  II  eat  probable  que  les  capacities  auditive* 

ru  -  r.  T*  ir.  r  ur.  .  1  « i  or,  i  <  l  soient  comparables,  voire  <*«  i  i  l  eores  , 
a  re  1  .  eS  le  i  '  A  1  baC  (  f  e  . 

!.«  s  sources  de  fruit  a  bor.1  des  bateaux  de  peche  sent  nom- 
•r.-j.s.s  :  i  r;5f*r  It-  pr-pulsif  i  moteur .  reducteur ,  arbre.  heltce), 

~  ”i'urs  auxiiaires.  c  rapr  cssrur  s  ,  cent  rale  h ydr aul ique ,  echappemen  t  s 
:  •  rir’icii  i'.  .n  its  vibrations  er.qendrees  au  spectre  acoust  tque 

•  us-mirin  depend,  entre  autre,  de  la  qualite  des  ttolesents .  ainsi 
:  j.-  les  teles  de  r  »-so  nr  artce  des  structures. 

“» -us  avnns  er.reqistre  et  analyse  les  bruits  sous-*arms  de 

*  incurs  et  de  ‘  1 H  senneurs.  dans  les  sexes  conditions.  Le  bruit 
1  i  tier  ir.terlerar.t  de  mar.iere  ratable  sur  la  qualite  des  eiper- 

ac  us  t  i  que.s  ,  ellos  r.f  ete  realisees  pour  des  era's.  de  mer 
infer murs  a  4.  Les  spectres  ont  ete  classes  selon  ieur  allure  dans 
1  i  damme  200  -  700  »♦/  .  pui  col  resp.  >nu  a  la  bande  4‘audlti  in  optimal*- 
i«  s  Then  ides  (K  i  i  4.  >  : 

-  Type  A  spectre*  t res  perturbes.  presentant  des  pics  de 

P 1  US  dc  1  0  -  dR  .  , 

-  Tvp«*  R  :  Spectre*  don't  les  pics  ont  unc  amplitude  comprise 

entre  Set  10  dB. 

-  Type  C  :  spectres  requliers,  n«  presentant  pas  de  pics  de 

plus  de  S  dft. 

En  rapportant  les  audioqraeees  d'tVERSEN  (51  a  ces  types  de 
spectres  ( E  iq  5.t,  on  consta'e  qu'un  bateau  de  type  A  sera  beauepup 
*leu*  per<iu  qu'un  bateau  de  type  C, 

Cette  demarche  est  comparable  a  Celle  adoptee  par  ERICKSON 
(4],  dont  1  etude  porte  sur  154  qersomers  aeericaina. 
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MKTMODE 

Cheque  variable  est  decoupee  en  quatre  ou  cinq  classes,  de 
fa^on  que  chacune  ait  le  mim®  “poids"  en  nombre  de  bateaux.  On 
defimt  24  classes  : 

CUM 1  a  CUM5  :  debarquements  de  9  a  30  tonnes 

AGE1  a  AGE4  :  age  des  bateaux  de  1946  a  1982 

LON  I  a  LON 4  :  lonqueur  des  bateaux  de  15  a  31  metres 

’ AU 1  a  JAU4  :  tonnaqe  "  “  de  29  a  14  3  tonneau* 

PL'Sl  a  PUS4  :  puissance  “  “  de  ISO  a  610  CV 

CO-.2B .  COQ  A .  COOP  bateaux  a  coque  en  bois,  acier  ou  polyester. 

Le  decoupaqe  des  variables  en  classes  permet  de  batir  deux 
matrices  : 

.  un  ‘  tableau  disjonctif  complet**, 

.  un  “tableau  de  contingency"  (tableau  de  BURT)  qui  croise 
les  24  classes  entre  eiles. 

A  partir  du  tableau  de  BURT,  on  construit  un  nuage  de  24 
classes  dans  un  espace  a  24  dimensions,  chaque  dimension  corres- 
pondant  a  une  classe.  La  distance  entre  deux  points  du  .nuage 
representant  deux  classes,  traduit  le  degre  de  liaison  entre  dies, 
cel  1 e -ci  etant  d'autant  plus  forte  qu'elles  seront  proches  dans 
1 ' espace . 

Comme  ll  est  impossible  de  se  representer  visuellement  un 
espace  a  24  dimensions,  on  analysers  le  nuage  de  points  par  coupes 
success ives .  Un  plan  de  coupe  est  appele  plan  factonel  et  defini 
par  deux  axes  orthoqonaux  coTespondant  a  deux  valeurs  prop  res 
du  tableau  de  BURT. 

La  figure  8  represente  i'axe  3  croise  a  l'axe  4,  le  plan 
factonel  amsi  considere  rerresente  20,15  %  de  l’inertie  du  nuage. 
L“ analyse  de  ce  plan  conduit  a  distinguer  quatre  quadrants  deter* 
mines  en  fonction  de  la  variable  CUM,  qui  represente  les  resultats 
de  peche. 

RESULTATS 

La  figure  9  montre,  «n  fonction  du  type  de  spectre  A,  B,  C,  le 
nombre  de  bateaux  (exprime  en  pourcentage)  correles  avec  leurs 
resultats  de  pAche. 

Oeux  resultats  signif icatif s  ressortent  : 

.  58  %.  des  bateaux  A  ont  des  performances  CUM1 ,  ainsi  que 
65  *  en  CUM2 , 

.  83  t  des  bateaux  C  ont  des  performances  CUMS. 

L‘ opposition  pyramidale  des  bateaux  A  et  C  est  tout  a  fait  repre¬ 
sentative  (Fig  10.1. 


L“ influence  de  la  composition  apectrale  du  bruit,  entre 
200  et  700  He,  sur  les  resultats  globaux  de  p4che  est 
confirmee  par  cette  analyse. 


0‘eutree  remarques  peuvent  4tre  d4duit*s  de  cette  enalyee 
fectonelle  : 

-  le  particul*rit4  des  nsvtres  8  coque  polyester,  corr4l4s 

A  de  grendee  dimensions  (LON4,  JAU4 ) ,  de  fortes  puissances  (PUS4), 
rAcents  ( ACE4 1 ,  et  de  trAs  bons  rendements  (CUMS); 

-  les  navires  ds  pet l tea  dimensions  et  ue  faible  tonnage 
( J AU1 ,  LON 1 ,  PUS 2 1  ont  de  fsibles  rAsultats; 

-  les  batssux  moyens  (LON3)  rAalissnt  ds  fortss  eapturss 
(CUMS),  les  grandes  unltAs  sysnt,  elles,  des  r4eultats  (CUM4)  inf4- 
neurs  a  ce  qu'une  relation  lin4aire  longueur -ef i lcacit4  lsissersit 
pr4voir . 
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Fnt  :r  .  un?  distinction  des  navires  par  origir.e  geographique 
(29  unites  du  Finis  ft  re,  4  du  Morbihan,  23  de  Vendee)  met  en  evi¬ 
dence  It  surer  i  or »  te  des  navires  fimsteriens  sur  les  vendeens. 
I'.ms  quadrant  4  de  la  figure  8,  ll  n‘y  a  ainsi  que  3 

ver.deens  sur  10  unites. 


ill  -  THMMEP.'  SKNNEt’RS. 

b  EGi'LTATS  DE  f-KruE  EN  LIAISON  AVEC  LA  QUALITE  ACCUSTIQUE 


En  raison  de  1' importance  economique  de  la  peche  a  la  senne 
tournante,  1  etude  de  1' incidence  des  bruits  des  bateaux  sur  leurs 
resultats  a  paru  evidente. 

Act  uel  lement  ,  uno  trentaine  d'unites  lndurtnelles  operent 
dans  le  Golfe  de  Guinee  et  1 ‘Ocean  Indien.  Dix-huit  senneurs  de 
cette  flottilie  f ranco-ivoiro-senegalaise  ont  ete  expertises  en 
198  3  . 

On  peut  distinquer  trois  classes  de  bateaux  : 

-  la  classe  1  comprend  7  nenneurs  de  grande  dimen's  ion '(  70m )  , 
de  forte  puissance  (3600  a  4000  CV )  ,  de  grosse  capacite  de  stockaqe 
( i 300  ml; 

-  la  classe  2  compte  9  senneurs  de  taille  moyenne  (50  a  60m) 
et  de  puissance  moyenne  (2C00  a  3000  CV ) ; 

-  la  classe  3  est  representee  par  2  petites  mites  d'autonomie 
redui te, 

Dans  un  meme  qroupe,  d  •  un  bateau  a  1 ‘autre,  les  spectres 
peuvent  etre  tres  differents  (Fig  11.). 

L‘ analyse  des  signatures  acoustiques  retenue  est  basee  sur 
la  1  typo  log le  A.  B,  C,  deja  utilisee  pour  lea  germoniers. 

Les  chiffres  de  tonnage  global  debarque  etant  insuffisants 
pour  apprecier  1‘efficacite  des  senneurs,  nous  utiliserons  un  indice 
representant  la  “puissance  de  peche  globale".  Cet  mdice  est  defim 
comme  un  rendement  de  peche  independant  des  facteur*  exteneurs. 

La  figure  12  fait  apparaltre  asses  clairement  que  la  puissance 
de  peche  globale,  et  par  consequent  le  tonnage  moyen,  est  d'autant 
plus  forte  que  la  taille  et  la  puissance  des  rvtv.ires  sent  importantes . 

Cependant,  le  bruit  intervient  lui  aussi  sur  les  puissances 
globales  :  les  rendements  de  peche  des  navires  de  spectre  C  son t 
lupencurs  de  34,64  %  a  ceux  des  bateaux  de  spectre  A,  et  de  47,41% 
a  ceux  des  bateaux  Je  spectreB. 

II  seeblerait  qu'une  bonne  qual ltd  acoustique  confersrait 
aux  bateaux  C  une  “puissance  locale”  importante,  ieur  "capacitd 
strat<fgique“  ayant  alora  eoins  d*  importance  sur  leur  “puissance 
globale". 
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IV  -  CONCLUSION 


II  est  evident  que  le  probleme  de  1 ‘amelioration  acoustique 
des  navires  de  peche  ne  se  pose  pas  de  la  meme  faijon,  selon  la 
taille  et  le  type  de  bateau. 

Dans  tous  les  cas,  il  doit  etre  aborde  DES  LA  CONCEPTION 
du  navire,  et  particulierement  au  moment  du  montage  du  moteur1 
principal. 

Divers  points  sont  importants  pour  la  reduction  du  bruit  : 

.  choix  du  materiau  pour  la  coque  (acier,  bois,  fibrp  de  verre), 
choix  du  moteur, 

.  type  de  longerons  du  bati  moteur, 

.  choix  de  la  suspension  (souple  ou  solide) , 

.  degagement  de  1‘helice, 

.  choix  du  systeme  d 'echappement  (vertical,  direct  ou  a 
injection  d'eau), 

.  isolation  acoustique  du  compart iment  moteur, 

.  isolation  antivibratile  systematique  de  toute  la  machinene. 

La  conception  d'un  navire  de  peche  "silencieux"  doit  main- 
tenant  etre  abordee,  et  faire  appel  aux  techniques  antivibratiles 
les  plus  sophistiquees.  Apres  une  sensibilisation  accrue  des 
professionnels  de  la  p*che  aux  problemes  acoustiques,  un  dialogue 
constructif  doit  s'instaurer  entre  eui  et  les  chantiers  navals, 
les  mdustnels,  les  scientif iques ,  afin  de  prendre  en  compte  les 
resultats  signif icatifs  presents*  ci-avant. 
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Figure  9  Figure  10 

Categories  de  resultits  de  peche  Proportion  de  bituui  lyent  on  spectre  de 

en  fonction  du  type  de  spectre.  type  C  dens  les  cinq  classes  de  captures. 
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Figure  11 

Spectres  A  «t  {'  de  aeun  thoniers  senneurs 
en  vitesse  d'eppro she  de  bancs. 
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discussion 

I  I!  I.iiis.M'ti  (Netherlands):  .Just  to  tic  sure:  What  were  the  distances  at 

whi.h  i  1  c  nnli-iw.it  r  t  noise  spectra  writ'  measured?  Were  they  measured  in 
deep  water  and  under  l  lie  ship? 

i  .  He  t  i  v :  the  unde i water  noise  spectra  were  measured  at  approximate ly 

St)  m  ter  the  tuna  I  i  tie- 1  t  sh  i  ug  boat  and  at  100  m  for  the  tuna  trawler 

fishing  Imi.i1.  Our  apparatus  was  located  in  a  stationary  rubber  launch 
i/edi.H  I,  with  t  tie  fishing  boat  circling  iround  the  launch.  All  records 

wen  made  in  the  Atlantic  (Azores  or  Cull  of  Guinea)  in  a  water  depth  of 

.*000  m  Our  1  hydrophone  was  placed  '>  m  below  the  launch.  The  levels 

pi e sent  ed  m  micropascals  were  at  these  distances. 

H .  Si  hm.i  I t e 1 dt  (Germany):  Did  you  correct  the  radiated  noise  spectra  you 

-.bowed  to  I  m  distance? 

(  .  Heriy:  The  radiated  noise  of  each  fishing  boat  was  measured  at  approx¬ 

imately  '>0  m  (line)  or  100  m  (trawl).  The  distance  was  measured  using  an 
optic  telemeter  (precision  +5  m).  Except  lor  Fig. 3,  where  the  levels  are 
referenced  to  1  fi  bar/1  m,  the  spectra  were  not  corrected  to  1  m  but  were 
referenced  to  1  ft  Fa.  Because  we  are  mainly  interested  in  relative  noise 
levels  between  three  kinds  of  spectra  (type  A,  B  or  C)  it  is  not  of  prime 
importance  to  correct  noise  spectra  to  I  m. 
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THE  IMPLICATIONS  OF  A  SILENT  SHIP  FOR  THE  INVESTIGATION  OF  LuW-FREQUENCY 

ACOUSTIC/SEISMIC  PROPAGATION 


.  Hassan  B.  All 
S ACL ANT  ASW  Research  Centre 
La  Spezia,  Italy 


ABSTRACT 


In  certain  circumstances  the  energy  emitted  from  a  sound  source,  including 
a  ship,  may  travel  more  readily  in  the  sea  floor,  as  a  seismic  wave,  than 
in  the  water  column  itself.  This  is  particularly  true  in  those  cases,  such 
as  encountered  in  shallow  water  propagation,  in  which  a  "cut-off"  frequency 
exists,  below  which  acoustic  "propagation"  as  such  does  hot  exist  in  the 

water  column.  The  energy  in  the  bottom,  on  the  other  hand,  contains  a 

potential  wealth  of  information,  in  the  form  of  seismic  interface  waves,  on 
both  the  feasibility  of  the  bottom  as  a  propagation  path  and  on  the 
properties  of  the  bottom  itself.  The  use  of  a  ship  to  Investigate  this 

important  regime  is,  however,  complicated  by  the  Interference  caused  by  the 
radiated  noise  of  the  ship.  The  present  paper  discusses  some  aspects  of 
very-low-frequency  acoustic/seismic  propagation  and  the  potential  value  of 
a  silent  ship  in  the  investigation  of  the  latter.  Following  a  brief 
overview  of  the  ambient  noise  spectrum  In  the  ocean,  including  the 
contribution  of  ship  noise,  some  comments  are  made  on  the  effects  of  the 
sea  bottom  on  low-frequency  propagation.  This  is  followed  by  a  discussion 

of  measurement  techniques  found  useful  at  SACLANTCEN  (and  elsewhere)  to 
investigate  the  propagation  of  seismic  (interface)  waves.  It  is  shown  that 
a  good  deal  of  useful  Information  hac  been  obtained  frpm  these 
measurements.  Nevertheless,  questions  remain.  The  role  of  a  silent  ship 
in  resolving  some  of  these  questions  is  discussed.  In  particular,  a  silent 
ship  can  be  an  invaluable  rsset  In  the  investigation  of  such  important 
Items  as  the  coupling  between  the  sound  source  and  sea  bottom,  the  ambient 
noise  directionality  (using  an  array  of  seismic  sensors),  and  the  area- 
dependent  behaviour  of  Interface  waves.  It  is  concluded  that  a  silent  ship 
will  fill  a  need  In  the  very  low  frequency  region  of  the  noise  spectrum  of 
the  ocean.'  Conversely,  seismic  sensing  can  provide  a  measure  of  what 
“silent"  might  mean  in  this  regime. 


INTRODUCTION 


The  propagation  of  underwater  sound  is,  dependent  on  the  circumstances, 

?reatlv  affected  by  the  properties  of  the  sea  bottom.  This  1$  particularly 
rue  for  shallow  water,  or  equivalently  for  low-freouency  propagation,  for 
wnich  the  Interaction  with  the  bottom  Increases  with  Increasing  wavelength. 
It  has  been  known  for  several  decades  that  shallow  water  propagation  Is 
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«•*».»  '*-»r  t  *»«-f  .’-"I  iv  3  wave -guide  effect.  ~  that  is,  below  a  certain  ■  “cot-off" 
f  r-r  .jueni  v ,  w^n  n  depends  primari  '  on  water  depth  and  relative  sound 
speeds ,  eM.>cM  to  acoustic  p**c  »t  ion  does  not  ta*e'  pi. see.  .Not. 
surpri  s  in.;’  i ,  therefore.,  underwater  acousticians  have,  until  recent  1  y, 
.jerertl ) ;  v  -ons  •  d«.-*-.-,l  the  regime  he  low  cut-off  as  a*.o  jst  ically. 

;it>  •  ut  ,t,>s 

In  .»nt  v  -  ’  i r  s  there  has  been  a  crowing  awareness  that  the  ene'’ ;  «  :n  this 
d-mtair ,  *  >r  * nw  being  "lost  ••  t  contains  a  potential  wealth  of  »nfcrm*Mon  - 
in  the  '-irm  o?  propagat ion  of  seismic  interface  waves.  Those  »nterfare 
waves  provide  oof  on i  v  a  "new”  propagation  path  hut,  bv  virtue  o*  tne.tr 
ho* t om- iepen lent  behaviour,  an  opportunity  to  investigate  the  strict  are  of 
t  "e  sea  bottom.  The  •  knowledge  of  the  existence  and  properties  of  these 
interface  waves  is  hardly  new,  going  back  to  at  least  Rayleigh.  Moreover , 
seismologists  ang  g.-  ophys  i  c  i  st  s  are  quite  familiar  with  them  as  a  i)urce  of 
'"noise"  to  ne  eliminate!  from  their  data.  F^om  an  acoustic  viewpoint , 
however,  the  experimental  investigation  of  interface  waves  is  potentially 
very  promising,  albeit  relatively  recent. 

for  r..3S0ns  that  will  emerge  later,  the  most  effective  platform  for 
studying  these  phenomena  is  a  research  ship.  However,  its  use  is  a  doubled 
edged  sword.  As  often  happens  in  scientific  investigations,  the  measuring 
techniques  can  distort  the  thing  to  be  measured.  In  this  case,  the 
radiated  sound  from  the  research  ship  can  contaminate  the  low-frequency 
acoustic  and  seismic  propagation  being  investigated.  Thus  it  is  essential 
tnat  an  effective  investigation  of  this  area  be  performed  with  a  silent 
ship.  The  purpose  cf  the  present  paper  is  thus  to  examine  same  aspects  of 
tnose  areas  10  which  the  use  of  a  silent  ship  is  potentially  most  valuab’e 
and  to  suggest  relevant  measurements . 

The  subsequent  presentation  is  therefore  structured  as  follows.  Beginning 
witn  a  brief  overview  of  the  noise  spectrum  of  the  sea,  the  importance  of 
the,  low-f requency  acoustic/seismic  regime  i'  stressed.  This  is  followed  by 
some  general  comments  ,  on  the  nature  of  the  problem  posed  by  ships  -  i:e., 
the  cbaracteri st i cs  of  their  radiated  noise.  The  effects  of  the  sea  bottom 
are  then  discussed  within  the  general  context  of  the  propagation  of  sound 
in  the  sea.  A  quick  look  at  the  results  of  earlier  measurements  of 
waterborne/seismic  propagation  is  followed  by  a  discussion  of  relevant 
SACLANTCEN  experiments.  ,  Finally,  suggestions  are  made  on  the  use  of  a 
silent  ship  to  investigate  those  areas  warranting  further  examination. 


1  BRIEF  SURVEY  OF  AMBIENT  NOISE 

Figure  I  <1>  Is  the  well-known  Wenz  curve  of  the  sound-pressure  spectrum 
levels  of  noise  sources  In  the  sea.  The  frequency  regime  of  primary 
interest  here  is  the  infrasonic  region,  although,  because  of  its  effects  on 
the  latter,  the  region  dominated  by  ship  noise  is  also  of  interest. 

Some  aspects  of  this  spectrum  are  not  adequately  understood,  and  the  last 
word  is  yet  to  be  said.  However,  the  following  observations  relevant  for 
this  paper  can  be  made  based  on  this  curve  and  more  recent  data: 
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1 . 1  Very-low-frequency  f infrasonic')  regime  (<I0  Hz) 

The  region  below  10  Hz  is  dominated  by  oceanic  turbulence  and  seismic 
activity,  the  spectral  slope  being  approximately  *8  to  -10  dB/oct'.  iae  are 
interested  primarily  in  the  region  greater  than  1  Hz,  since,  among  other 
reasons,  the  geophones  we  are  using  are  generally  insensitive  below  this 
frequency.  However,  the  region  oelow  1  Hz  is  in  itself  quite  interesting 
(especially  for  seismologists)  since  it  is  by  no  means  a  “dead"  region.  In 
particular,  the  noise  spectrum  of  microseisms  below  1  Hz  is  ch iracteri zed 
by  two  peaks  occurring  at  about  0.07  Hz  and  0.14  Hz,  with  an  energy  ratio 
of  the  peaks  greater  than  10Q.  The  smaller,  primary  peak,  occurs  at  the 
primary  frequency  at  which  most  ocean  waves  are  observed  and  has  been 
attributed  to  the  action  of  waves  on  coasts  (Wiechert,  1904,  <?>).  The 
larger,  secondary  peak,  was  explained  by  Longuet -Higgins  in  1950  as  due  to 
the  pressure  on  the  sea  bottom  below  standing  ocean  waves,  vrfiich  may  be 
formed  by  waves  travelling  in  opposite  directions  in  a  source  region  of  a 
storm  or  near  the  coast.  The  resulting  mlcroseismic  frequency  is  twice 
that  of  ocean  waves  (Aki  and  Richards,  <2>).  There  is  a  some  agreement 
that  primary  microseisms  derive  fi\ m  shallow  waters,  and  secondary  ones 
from  either  shallow  water  or  deep  water. 

There  :s  a  great  deal  of  evidence  that  microseisms  propagate  essentially  as 
Rjyieign  waves,  although  a  Love-wave  mode  of  propagation  is  not  uncommon 
;8ath,.<3>). 

Seismic  activity  is  by  no  means  confined  to  frequencies  less  than  a  few 
hertz.  On  the  contrary,  its  effects  can  be  felt  at  frequencies  In  the 
hundreds  of  hertz  (Wenz  <l>  ;  McGrath,  <4>). 

Measurements  by  Perrone  <5>  and  subsequently  by  McGrath  <4>  suggest  that 
wind-deoendent  noise  Is  Important  in  the  region  from  approximately  1  to  4 
or  5  Hz,  but  above  this  range  distant  shipping  noise  predominates  in  the 
infr«sonlc  and  low-f requency  ranges.  As  will  be  seen  later,  relevant 
seismic  measurements  in  this  area  are  few  and  far  between. 


1.2  The  frequency  Regime  from  approximately  10  to  300  Hz 

Shipping  is  the  dominant  Source  In  this  region,  the  average .  nol se  levels 
having  increased  in  recent  years.  The  spectra  In  this  range ,  are  very 
dependent  on  proximity  tp  sea  lanes  and  are  characterized  by  tonals,  since 
a  major  part  of  the  excitation  Is  rotating  machinery  of  propulsion  systems. 
The  main  sources  of  ship-radiated  noise  are  well  understood.  The  principal 
radiators  are  the  propeller  (cavitation  noise,  especially  at  shaft-  and 
blade-rate  frequencies),  the  hull,  and  machinery  Items. 

Figure  2  schematlcal ly  summarizes  the  fr#'  zrcy  regimes  of  these 
components.  The  radiation  mechanisms  are  under. :ood  well  enough  to  allow 
simple  predictions  cf  gross  levels  In  many  cases.  Figure  3,  for  example, 
presents  a  somewhat  simplified  view  of  these  mechanisms  particularly 
applicable  to  the  buhevtour  of  a  slender  body  (e.g..  a  submarine). 

The  problems  posed  by  shipping  noise  on  the  Investigation  of  low-frequency 
acoustic/seismic  Investigations  will  become  Increasingly  evident  when  we 
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subsequently  d*scuss  these  investigations.  However,  some  .general 
observations'  can  t*?  untie  at  tms  point.  In  particular: 

Pressjre  fluctuations  in  tne  ocean,  including  those  arisi”;  f,ia  ships, 
1>  - o-it ri tut  '  to  the  seismic  background  noise  in  the  sea.  The  converse,  of 
course,  is  also  true. 

f v i cienc e  ev’sts  that,  at  'east  for  deep  water,  distant  snipping  noise 
tom: nates  *ne  infrason’c  region  at  least  down  to  4  or  S  Hz  <1.  5>. 

-  S i n c *»  distant  snipping  no'se  is  restricted  primarily  to  refractive  paths 
mu ’ t i p l e-ref W ted  signals  are  greatly  attenuated)  the  noise  intensity  in 
f’e  '  )w-‘ requency.  oand  is  s i gn i f i cant  1 y  higher  for  angles  close  to  the 
horizontal  plane  (about  t  IS*). 

Nearby  snip  passages  a#fect  lower  frequency  infrjsontc  noise  levels 
earlier  and'  for  longer  periods  than  higher  frequencies  <4>. 

Because  of  the  greater  absorption  effects  on  higher  frequencies,  the 
rad’ated  noise  from  a  nearhy  ship  covers  J  far  greater  frequency  hand  than 
that  of  distant  Shipping. 

Directionality  effects  on  a  received  level  are  Influenced  not  only  by 
tne  propagation  distances  involved  but  also  by  the  directivity  pattern  of  a 
nearby  snip's  acoustic  radiation. 

In  short,  one  arrives  at  the  important,  albeit  somewhat  obvious  conclusion, 
that  if  a  ship  is  to  he  used  in  invest  i  gat  ions  in  the  infrason’c  region, 
then  either  the  ship  be  relatively  silent  or  effective  methods  be  employed 
to  separate  the  signal  and  noise.  As  will  be  seen,  this  separation  is  not 
always  possible  in  the  very -low-frequency  acoustic/seismic  case  since  noise 
and  signal  have  similar  propagation  characterl sties.  , 


2  THE  EEEECTS  0 f  Th{  St  A  BOTTOH  ON  LOW-EBEQUf  NC*  ,  SOUNO  P«n?At,AT  TON 

In  order  to  place  in.  its  proper  perspective  the  discussion  on  seismic 
interface  wave*,  it  Is  necessary  to  briefly  review  some  well-known  aspects 
of  sound  propagation.  The  Interest  here  is  primarily  on  shallow  water 
propagation.  By  "shallow- water*  we  shall  generally  wean  depths  less  than 
an  order  of  magnitude  or  so  of  the  acoustic  wavelengths  Involved.  Implicit 
in  the  use  of  the  term  shallow  watff  is  significant  Interaction  of  a 
propagating  signal  with  the  bottom  and  surface  boundaries.  Th#  likelihood 
of  bottom  interaction  Is  determined  largely  by  the  sound-speed  profile, 
whereas  the  degree  to  idiich  the  signal  Is  affected  by  the  interaction  Is 
dependent  upon  signal  frequency,  signal -to-npise  ratio,  grating  angle,  and 
bottom  properties  (particularly  absorption  coefficient). 

Generally,  a  negative  gradient  in  sound-speed  profile  (as  In  summer 
conditions)  leads  to  a  greater  likelihood  of  bottom  .interaction  and,  hence,, 
greater  bottom  losses.  The  experimental  results  of  Akal  in  Fig.  4  <6>, 
illustrate  this  effect  quite  clearly. 
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figure  s,  a!  so  due  to  Akal,  demonstrates  the  effect  of  water  depth  on 
propagation  loss.  As  seen,  t*e  shallower  the  water,  the  greater  the  losses 
and  the  Mgner  the  optimum  frequency  of  propagation.  This  is  because 
bottom  interaction  mc-eases  with  increasing  ratio  of  wavelength  to  water 
depth. 

The  effect  of  the  cype  of  bottom  is  well  illustrated  by  Fig.  6,  from  Akal 
and  Jensen  </>.  The  figure  shows  the  predicted  (FFP  model)  transmission 
loss  at  10  »m  for  various  bottom  types  arising  from  a  sound  source  located 
at  a  depth  of  VI  m  in  iO'O  m  isovelocity  ( 1 S00  m/s)  water.  The  geoacoustic 
parameters  used  in  the  model  are  shown  in  Table  1. 


TABLE  1 

IIEOACOUSTIC  PARAMETERS  FOR  DIFFERENT  BOTTOM  TYPES 


Bott jw 

Type 

Density 

'g/cm5) 

Compress. 

speed 

(m/s) 

Shear 

speed 

(•'s ) 

Compress, 
attenuation 
(dB/x  ) 

Shear 

attenuation 

(dB/x  ) 

SILT 

1.8 

lb  00 

200 

1.0 

2.0 

SANO 

2.0 

1800 

600 

0.7 

l.S 

LIMESTONE 

2.2 

2250 

1000 

0.4 

1.0 

BASALT 

2.6 

5250 

2500 

0.2 

C.5 

Several  features  of  interest  are  noted.  Kith  the  exception  of  basalt,  the 
propagation  is  seen  to  tie  divided  into  two  regions:  the  high-frequency 
region  (S  H*  and  above)  represents  the  waterborne  path;  the  region  below 
about  5  H/  represents  the  seismic  path.  It  <s  well-known  from  the  work  of 
Rauch  and  Scnmalfeldt  <8>,  among  others,  that  the  sound  in  the  lower  region 
propagates  essentially  In  the  for*  of  interface  waves.  Thus  seismic 
interface  waves  offer  an  Important  propagation  path  below  the  cut-off 
frequency  of  waterborne  propagation. 


3  PROPERTIES  Of  INTERFACE  WAVES 

Interface  waves,  also  called  surface  waves,  are  so-named  because  their 
exponentially  decaying  amplitude  away  from  the  interface  between  a  solid 
and  another  medium  effectively  restricts  them  to  the  immediate  vicinity  of 
the  interface.  Since  these  waves  depend  on  shear  properties  for  their 
existence,  at  least  one  of  the  Interface  media  must  be  a  solid.  The  other 
medium  can  be  vacuum,  liquid,  or  solid,  the.  corresponding  Interface  wave 
being  denoted  a  Rayleigh  wave,  a  Scholte  wave,  or  a  Stoneley  wave, 
respectively,  as  indicated  In  Fig.  7.  Additional  relevant  characteristics 
of  Interface  waves  are  the  following  <8>: 

a.  Particle  motion  Is  confined  to  the  redial /vertical  plane  (with 
respect  to  source/receiver  direction  and  guiding  Interface).  Thus  there  Is 
no  transverse  deflection. 


*-§  NATO  UNCLASSIFIED 


SACLANTCEN  CP-36 


NATO  UNCLASSIFIED 


AL I :  Investigation  of  low-frequency  propagation 


h.  There  is  a  high  coherence  and  stable  phase  shift  of  about  v/2 
between  the  radial  and  the  vertical  ground  di splacements,  resulting  in 
highly  regular  elliptical  orbits  or  hodographs. 

r .  Tnp  bottom  pressure  in  the  water  column  and  the  vertical  particle 

velocity  are  character! zrd  by  phase  relations  similar  to  those  in  (b).  The 

ratio  of  these  quantities  is  proportional  to  the  bottom  impedance. 

d.  The  energy  carried  in  these  waves  decreases  exponentially  in  the 
direction  perpendicular  to  the  interface,  the  "penetration  depth"  being 
characterized,  roughly,  by  one  wavelength.  Due  to  this  confinement  by  the 
interface,'  it  is  quite  obvious  that  the  excitation  of  this  wa-e  type 
improves  as  the  source  is  located  closer  to  the  interface. 

e .  The  associated  phase  velocities  are  usually  of  the  order  of  100  to 

?)'.)  m  s  and  always  less  than  the  sound  speed  in  the  water  column  and  the 

shear  velocity  in  the  bottom  (these  velocities  are  to  be  considered  as 
f r»quency-dependenf  average  values  weighted  over  the  length  of  the 
penetration  depth). 

The  outlined  p< npa cat  ion  characterist ics  are  mainly  affected  hy  the 
genacoustical  properties  of  the  upper  sediment  layers  and  have  generally 
been  studied  in  conre'Hor  with  experiments  in  which  the  interface  waves 
were  excited  by  e  r'osive  charges  detonated  close  to  the  bottom. 
Nevertheless,  the  character istlc  behaviour  of  these  waves  is  not  predicated 
upon  their  excitation  by  any  particular  type  of  source.  It  is  this  fact 
that  can  lead  to  difficulties  in  separating  "signal"  from  "noise",  as  will 
become  evident  subsequently. 


PREVIOUS  RELEVANT  EXPERIMENTS 


Although  these  characteristics  have  been  known  for  some  time,  only  recently 
has  there  been  a  recognition  of  their  potential  value  in  the  Invtstlgat ion 
of  sound  propagation  in  the  bottom.  Experiments  performed  to  ascertain  the 
of  waterjsorne  versus  seismic  paths  have  not  been  entirely 
summarizes  some  of  these  earlier  measurements,  A 
| are  in .order. 


relative  merits 
successful.  Table  2  <9> 
few  general  observations 


important  role  played  by 
detection  of  waterborne 
measurements,  this  was 
apparent  contradictions 


A  great  deal  of  useful  information  was  obtained  from  these  measurements ; 
nevertheless,  a  number  ol'  shortcomings  are  evident  in  these  results.  With 

few  exceptions,  there  appears  to  be  a  general  lack  of  awareness,  of  the 

interface  wave  propagation.  Although  the  seismic 

[sounds  was  the  primary  objective  of  many  of  these 
|»ot  clearly  demonstrated.  Further,  a  number  of 
were  observed  between  the  various  experimental 

results.  For  example,  4  particular  situations  the  signal -to-nolse  ratios 
of  hydrophones  were  either  higher  or  lower  than  those  for  geophones.  That 
is,  the  "seismic  gain"  was  not  consistently  positive  or  negative,  but 
varied  from  experiment  to  experiment  as  well  as  for  geophone  orientation. 
However,  it  is  probably  misleading  to  consider  these  results  to  he 
contradictory,,  since  such  a  view  assumes,  implicitly,  that  these  various 
sensors  were  responding  to  identical  phenomena.  It  is  difficult  to 
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substantiate  such  a  view  for  at  least  two  reasons:  inadequate 

understanding  of  the  acoustical  characteristics  of  the  sea  bottom,  and 
differences  in  sensor  dynamics  and/or  sensor-to-medium  coupling.  In 

particular,  some  of  these  measurements  did  not  include  any  information  on 
seismic  ambient  noise,  let  alone  its  directionality.  Further,  often 
neither  the  structure  of  the  bottom  nor  the  nature  of  the  sensor-to-medium 
coupling  were  adequately  Known.  Without  this  information,  the  relative 
merits  of  waterborne  and  bottom  paths  for  detection  can  be  little  more  than 
conjecture.  Further  discussions  on  this  question  are  given  in  <9>. 

It  will  suffice,  at  this  point,  to  give  two  examples  of  the  differences  in 
response  arising  solely  from  different  sensor-to-medium  coupling,  (Hecht, 
<10> ) .  Figure  8a  shows  the,  differences  in  background  noise  for 
measurements  using  a  tripod-mounted  geophone  and  one  attached  to  a  probe 
that  penetrate*}  the  bortom.  The  probe  geophone  is  much  quieter  and  shows 
no  response  to  the  tide.  Even  at  slack  tide  more  than  6  dB  reduction  in 
background  noise  Is  obtained  by  the  proper  sensor  implementation. 
Figure  8b  shows  a  similar  improvement  in  the  signal  response  to  an 
explosion  of  a  probe  geophone  over  that  of  a  t,ri pod -mounted  geophone.  The 
probe trace  is  sharp  and  distinct  in  character  and  less  noisy  than  that 
of  the  other  geophone.  It  is  thus  not  surprising  that  apparent 
contradictions  have  arisen  in  earlier  results.  In  fact,  unless  the 
characteristics  of  the  medium  and  its  coupling  to  the  sensor  are  better 
understood,  contradictions  will  continue  to  appear. 


5  THE  SACLANTCEN  MEASUREMENTS 

The  SACLANTCEN  measurements  have  removed  some  of  the  preceding  ambiguities, 
although  questions  still  remain.  A  detailed  discussion  of  these 
measurements  is  out  of  place  here,  and  can.  In  any  case,  be  found  in  <9>. 

A  brief  discussion  is  warranted,  however. 

Figure  9  Illustrates  a  typical  deployment  of  the  measurement  system.  The 
ocean  bottom  seismometer  (OBS)  consists  of  a  trl-axlal  'geophone  and  an 
omni-directional  hydrophone  mounted  outside  the  OBS  or  floating  above  It 
<U>.  Since  the  digitized  data  from  the  OBS  were  transmitted  to  the 

receiving  ship,  normally  the  SACLANTCEN  Research  Vessel  MARIA  PAOLINA  6. 
(MPG),  as  an  fm-modulated,  vhf  signal,  the  MPG  was  anchored  at  a  distance 
of  approximately  1  km  from  the  OBS  unit.  This  required  proximity  of  the 
MPG  to  the  OBS  is  clearly  a  limitation  If  one  is  interested  In 
Investigating  the  background  sound  free  from  ship-interference.  On  the 

other  hand.  If  It  is  the  ship's  noise  that  Is  to  be  selsmlcally  sensed, 
then  this  closeness  Increases  the  likelihood  of  such  sensing.  This  Is 

clearly  Illustrated  by  Figure  10,  which  shows  the  power  spectral  density  of 
the  horizontal  (X)  component  of  the  geophone's  response  (solid  line) 
compared  with  the  background  seismic  noise.  Over  most  of  the  frequency 
range  shown,  the  ship's  response  Is  clearly  higher  than  the  ambient  noise  — 
particularly  at  3  Hz,  corresponding  to  the  180  rev/mln  shaft  rate  of  the 
MPG. 

The  distribution  of  the  power  spectral  density  with  azimuthal  angle 
(bearing)  Is  shown  In  Fig,  11.  Although  not  evident  here,  the  axis  of  the 
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dipole-like  pattern  points  in  the  direction  of  the  MPG,  as  explained  in 
<<?>.  It  is  clear  that  the  transverse  component  of  the  particle  velocity  is 
negligible  compared  with  the  radial  component., 

Further  information  on  the  mpchanism  and  direction  of  the  propagation  is 
revealed  by  examination  of  the  relevant  coherence  and  phase  spectra,  shown 
in  Tig.  12.  Figure  12a  shows  the  squared  coherence  between  the  radial  and 
vertical  components,  p1  0  ..while  the  correspondi ng  phase  spectrum  _  is 

shown  in  Fig.  12b.  As  seen,  a  remarkably  high  value  of  approximately  0.9 
is  obtained  for  the  squared  coherence  in  the  vicinity  of  the  3  Hz  source 

frequency.  Further,  a  reasonably  stable  phase  shift  of  ♦  */2  is  evident  in 

the  same  frequency  interval,  the  positive  sign  of  this  shift  indicating 
propagation  in  the  direction  from  the  MPG  to  the  08S.  Similar  plots  for 
tne  transverse  component,  not  shown  here,  reveal  insignificant  coherence 
ard  phase  behaviour  in  the  same  frequency  interval.  The.  corresponding 
hodograph,  that  is,  the  trace  of  the  particle  orbit  in  the  radial /vertical 
plane.  Fig.  13,  shows  the  expected  elliptical  patterns. 

Figures  11  to  13  confirm  that  the  disturbance  from  the  source  to  the  OBS  is 
propagated  as  a  seismic  interface  wave.  Several  comments,  as  well  as 
caveats,  are  in  order  concerning  this  result.  On  the  one  hand.  It  is  clear 
that  the  presence  of  a  nearby  ship  can  seriously  complicate  the 
investigation  of  low-f requency  acoustic/seismic  phenomena.  On  the  other 
band,  the  seemingly  obvious  conclusion  that  waterborne  sound  sources  can  be 
seismically  detected  below  cut-off  frequencies  must  be  tempered  with  other 

information.  It  is  well-known,  for  example,  that  there  Is  a  correlation 

between  the  nature  of  the  sea-bottom  material  and  the  propagation 

characteristics  of  Interface  waves.  In  fact,  this  characteristic  behaviour  ' 
allows  one  to  use  interface  waves  to  study  bottom  properties.  This 

suggests,  however,  that  clear  seismic  detection  of  waterborne  sounds  in  one 
particular  location  ooes  not  allow  one  to  Infer,  a  priori,  similarly  good 
detection  In  another  area.  This  result  has  been  demonstrated  by  Sevaldsen 
In  a  recent  SACIANTCEN  conference  <12>. 

Moreover,  total  reliance  on  the  previously  described  properties  of 

Interface  waves  to  resolve  ambiguities  Is  unwarranted.  In  particular,  the 
use  of  these  wave  characteristics  to  separate  signal  from  noise  — 

regardless  of  which  Is  which  -  Is  not  as  easy  as  might  be  thought.'  It  has 
already  been  pointed  out  that  the  "natural"  seismic  background  disturbances 
have  been  found  to  travel  as  Interface  waves.  This  has  also  beer 

demonstrated  by  the  SACLANTCEN  measurements. 

In  particular.  Fig.  14  shows,  for  the  ambient  noise,  the  squared  Coherence 
and  phase  between  the  vertical  particle  velocity  and  the  bottom  pressure  in 
the  water  column.  The  very  high  coherence  and  stable  phase  shift  of  «/2  up 
to  approximately  3  Hz  suggests  that  the  seismic  ambient  noise  is 

propagating  In  the  form  of  Interface  waves.  Further  evidence  is  provided 
by  Fig.  IS,  which  compares  the  measured  seismic  noise  sensed  by  the  tri- 
axlal  geophone  with  the  predicted  vertical  and  horizontal  responses  of 
Interface  wave  propagation.  [The  measured  response  be tow  1  Hz  (Fig.  15a) 
i  has  been  deleted  since  the  geophones  are  insensitive  in  this  region].  The 

|  predictions  are  based  on  SACLANTCEN'*  Fast  Field  Program  (SAFARI),  a 

completely  modified  version  of  the  FFP  model.  The  bulk  wave  shear 
{  attenuation  assumed  in  the  model  was  0.25  dB/x ,  the  same  as  the  measured 
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Interface  wave  attenuation.  It  turns  out  <13>  that  the  replacement  of 
interface  wave  attenuation  for  bulk  shear  attenuation  is  not  unreasonable. 
On  the  other  hand,  several  choices  of  compressional  wave  attenuation 
revealed  little  effect  on  the  oehaviour  at  the  lower  frequencies. 

Figure  15  clearly  suggests  that  the  seismic  ambient  noise  has  a  beha- iour 
that  is  characteristic  of  interface  wave  propagation  (the  region  below 
about  6  Hz  in  the  theoretical  result)  and  not  of  waterborne  propagation. 
The  qualitative  agreement  between  these  two  plots  is  more  striking  If  one 
takes  into  account  the  fact  that  the  model  assumes  a  rather  specialized 
acoustic  input  (white  noise),  and,  therefore,  the  source  characteristics  of 
the  two  cases  are  different.  A  brief  investigation  of  the  predicted 
responses  for  several  ranges  produced  best  agreement  with  the  measured 

results  for  a  source  distance  of  40  km.  The  Inference  that  the  sound 
sources  of  the  measured  data  are  therefore  at  a  distance  of  40  km  is 
probably  an  unwarranted  speculative  jump,  tantalizing  though  it  may  be. 

It  is  therefore  apparent  that  the  separation  between  seismic  signal  and 
noise  nay  not  be  a  trivial  task.  Moreover,  one  cannot  re’y  on  presumed 

directionality  characteristics  of  the  signal  to  permit  such  a  separation. 

It  is  well  known  that  waterborne  ambient  noise  does  display  directionality, 
often  “pointing",  as  it  were,  in  the  direction  of  busy  ports  and  the  like. 
From  what  has  been  said  before,  it  is  not  unreasonable  to  expect  that 

seismic  ambient  noise,  too,  will  display  directionality.  Therefore,  in 
potential  applications,  this  directivity  must  be  determined,  if  not  for  its 
own  sake,  then  In  order  that  It  be  "subtracted"  from  the  data  to  prevent 
possible  confusion  with  whatever  signal  is  to  be  sensed. 

As  a  final  point  on  the  data,  we  would  like  to  comment  on  a  somewhat 
puzzling  result  from  the  SACLANTCEN  measurements,  concerning  large 
differences  In  measured  results  even  from  the  same  area.  In  particular,  up 
to  25  dB  difference;  In  very-low-frequency  spectral  density  levels  were 
observed  between  runs  that  differed,  essentially,  only  in  the  aspect  of  the 
MPG  relative  to  the  receiving  08S.  Propagation  effects,  1  Induced  by 
variations  In  sedimentary  layering  of  the  sub-bottom,  appear  to  be  a  likely 
explanation.  However,  until  the  mechanisms  whereby  waterborne  sound  is 

converted  Into  seismic  waves  are  better  understood,  this  explanation  is 

merely  conjecture.  It  is  generally  taken  for  granted  that  at  those  very 
low  frequencies  (less  than  5  Hz)  directivity  effects  should  be  negligible 
because  of , the  presumed  large  wavelength.  However,  this  view  may,  in  fact, 
be  erroneous,  since  the  low  frequency  Is  offset  by  the  very  low  phase 
velocity  of  Interface  waves.  For  example,  for  an  Interface  wave  travelling 
with  a  phase  speed  of  70  m/s  at  a  5  Hz  frequency,  the  associated  wavelength 

would  be  14  m.  A  14  m  sound  wave  in  water,  on  the  other  hand,  would  be 

associated  with  a  frequency  of  107  Hz.  Put  differently,  directivity 
effects  can  be  Important  In  Interface  wave  propagation  at  frequencies  well 
below  those  required  to  observe  similar  effects  in  waterborne  sound. 
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b  ACOUSTIC  SPE C IF1CATI0NS  OF  SACLANTCf N‘ S  NEW  RESEARCH  SHIP 

In  the  preceding  it  has  been  stressed,  .convincely  we  hope,  that  ship- 
radiated  noise  can  interfere  with  the  investigation  of  low-frequency 
acoust ’c /sei smi c  propagation.  In  view  of  all  that  has  been  said,  the 
question  of  the  degree  of  interference  posed  by  SACLANTCEN's  new  ship  begs 
itself.  Regrettably,  the  question  cannot  be  answered  now.  An  examination 
pf  the  proposed  acoustic  speci f icat ions  of  the  new  ship.  Figure  16,  helps 
explain  wny.  As  seen,  the  important  region  below  20  Hz  is  conspicuous  by 
its  absence.  Therefore,  it  seems  to  me,  if  interest  in  this  region  is 
really  genuine,  high  priority  should  be  given  to  conducting  a  radiated 
noise"  survey  in  the  frequency  regime  from  1  to  20  Hz.  Such  a  survey  would 
satisfy  two  needs.  Apart  from  providing  the  low-f requebcy  noise  levels  of 
tine  ship,  it  would  -  assuming  the  ship  really  is  “quiet*  in  this  regime  - 
allow  an  effective  test  of  the  feasibility  of  seismically  sensing  low-level 
waterborne  sounds.  In  other  words,  the  ship  could  serve  as  a  "calibration 
point",  as  it  were,  of  the  seismic  sensing  system. 

The  question  still  remains  as  to  what  radiated  noise  levels  would  cause 
interference  with  seismic  measurements .  This  is  a  difficult  question, 
requiring  for  its  answer  a  realistic  transfer  function  between  waterborne 
sound  sources  and  seismic  responses  In  the  bottom.  However,  this  pre¬ 
supposes  an  understanding  of  the  relevant  coupling  mechanisms.  Or,  at  the 
very  least,  one  needs  realistic  values  of  vrfiat  Urick  calls  the  "seismic 
gain":  the  difference  in  decibels  between  the  signal -to-noise  ratio  of  a 
geophone  and  that  of  a  hydrophone.  But  clearly  this  is  precisely  one  of 
the  unknown  Quantities  that  the  investigation  Is  attempting  to  understand. 
Nevertheless,  based  on  the  results  of  earlier  measurements,  and  using 

predicted  transfer  functions  such  as  shown  in  Fig.  15b,  some  very 

approximate  answers  may  be  obtained. 

In  a  recent  experiment,  the  response  of  a  distant  ship  was  monitored  until 
the  received  signal  recorded  on  the  bottom-mounted  hydrophone  was  barely 

perceptible  above  the  background  noise.  Using  this  level,  coupled  with 
reasonable  assumptions  concerning  the  spreading  loss  and  rate  of  shear 
attenuation  of  interface  wave  propagation,  one  arrives  at  the  number  140  dB 
reluPa  at  1  m  as  the  source  level  at  which  one  would  expect  interference 
with  seismic  noise  measurements  at  2  Hz.  The  calculation  has'  assumed 
10  log  R  (cyl Indrical )  spreading  losses,  a  shear  attenution  of  0.25  dB/x , 
an  Interface  wave  phase  velocity  of  600  m/s  and  a  ship  distance  of  10  km. 
The  assumptions  are  believed  to  be  "reasonable",  not  Infallible.  It,  is 

assumed.  In  particular,  that  a  large  part  of  the  10  km  range  is  traversed 
through  the  bottom,  that  a  phase  velocity  of  600  m/s  Is  a  conservative 
number,  albeit  somewhat  larger  than  the  usually  measured  numbers,  and  that 
the  shear  attenuation  of  0.25  dfl/x  is  most  reasonable,  since  it  agrees  with 
measurements.  At  these  low  frequencies  a  1/3  octave  band  correction  is  a 
'jbtlety  unwarranted  by  the  grossness  of  the  other  assumptions.  It  cannot 
be  overemphasized  that  the  resulting  number  is  little  more  than  an  educated 
guess.  The  expectation  of  more  precise  numbers  at  this  stage  runs  the  risk 
o f  falling  Into  the  well-known  trap  of  confusing  precision  with  accuracy. 
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CONCLUSIONS  AND  RECOMMENDATIONS 

An  attempt  Has  been  made  to  indicate  the  Importance  of  the  low-frequency 
(infrasonic)  regime  for  the  investigation  of  acoustic  and  seismic 
propagation.  An  understanding  of  this  area  will  not  only  clarify  the 
conditions  under  which  one  can  expect  effective  seismic  sensing  of 
waterborne  sounds,  but  lead  also  to  a  reliable  means  of  probing  the 
structure  of  the  sea-bottom.  As  already  indicated,  numerous  unresolved 
questions  remain  in  both  areas. 

It  has  been  emphasised  that  a  silent  ship  can  play  an  essential  role  in 
this  effort,  particularly  in  the  study  of  the  nature  of  the  ambient  noise, 
background  and  the  mechanisms  involved  in  coupling  waterborne  sounds  into 
the  sea  bottom.  By  way  of  summary,  a  few  comments  are  made  on  each  area. 


a )  Seismic  ambient  background 

Current  knowledge  of  the  nature  of  the  seismic  ambient  background  is 
inadequate.  Among  the  items  requiring  further  investigation  are  its 
directional ity ,  statistics,  fluctuations,  the  nature  of  its  propagation, 
and  its  origin. 

As  already  indicated,  the  determination  of  directionality  is  necessary  to 
avoid  confusion  with  the  directivity  of  other  sources,  particularly  that  of 
a  nearby  ship.  A  single  OBS  unit  is  inadequate  for  this  purpose.  What  is 
needed  is  an  array  of  OSS  units,  as  shown  schematically  in  Fig.  17  <9>. 

The  statistics  of  seismic  noise,  inc’uding  analysis  of  its  temporal 
f luctuations,  would  help  clarify  some  problems.  Auto-  and  cross-spectral 
densities  between  several  OSS  units  would  be  most  helpful  in  this  analysis, 
providing  coherence  information  as  a  function  of  sensor  separation,  among 
other  things.  Similarly,  additional  information  on  the  nature  and  origin 
of  interface  waves  would  be  useful.  The  kienz  curve  <1>  is  somewhat 
qualitative  in  the  very  low  infrasonic  region.  A  correlation  of  results  of 
seismic  measurements  in  this  region  with  a  thorough  analysis  of  shipping 
distributions  would  perhaps  fill  In  some  of  the  gaps.  Currently,  long-term 
seismic  noise  measurements  are  being  conducted  by  SACLANTCEN's  EAG  group. 


b)  Coupling  of  waterborne  sound  into  the  sea  bottom 

From  earlier  results  it  is  quite  evident  tnat  the  mechanism  whereby 
originally  waterborne  sound  is  converted  into  an  interface  wave  is  poorly 
understood.  This  was  exemplified  by  the  large  differences  in  measured 
results  for  ship  runs  that  differed  merely  In  relative  geometry. 

A  step  In  the  right  direction  would  be  to  conduct  an  experiment  using  both 
fixed  and  towed  sources,  cw  as  well  as  explosive,  to  excite  Interface 
waves.  Si  ice  Interface  waves  art  excited  better  the  closer  the  source  Is 
to  the  bottom,  towing  sources  at  various  depths,  and  also  at  several 
distances  from  the  receiving  06$,  would  allow  one  to  study  some  aspects  of 
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the  coupling.  Naturally,  such  a  thorough  study  should  he  conducted  in 

several  areas  characterized  hy  different  bottom  structures. 

The  comparison  of  the  responses  of  geophones  and  both  bottom-mounted  and 
free-field  hydrophones  to  sources  with  clearly  understood  characteri st ics 
(e.g.,  cw  sources)  would  enable  the  measurement  of  seismic  gain  and  thereby 
provide  some  information  on  the  acoustic-source/seismic-response  transfer 
function. 
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Experimental  evidence  of  the 
effect  of  water  depth  on  pro¬ 
pagation. 

(a)  50  m  vater  depth , 

(b)  90  m  water  depth . 
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Proposed  underwater  radiated  noise  specifications  for 
SACLAMTCSH‘s  new  research  ship 
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SACLAMTCM  arparimant  (attar  <9>) 
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DISCUSSION 

B  Kdtmp  (France):  Is  it  possible  to  calibrate  your  sources  and  sensor 
.rt  such  very  low  frequencies? 

H.  Ali:  Our  geophones  are  calibrated  in  the  laboratory  using  very  low 
frequency  exciters  (shake  tables),  as  is  done  in  acceleroaeter  calibra¬ 
tions.  The  geophones  we  use  are  quite  sensitive  down  to  about  I  Hz,  below 
which  there  is  a  rapid  drop-off  in  sensitivity. 

B.  Scfuaalfeldt  (Germany):  Usually  you  calibrate  the  GBS  systesr  on  a  shake 
table,  which  we  have  not  done  yet.  1  know  that  there  is  a  facility  for 
this  at  the  Centre  Oceanologique  du  Bretagne  (COB)  in  Brest  (France). 
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NEAR  FIELD  '’KOPELLER  RADIATED  NOISE  MEASUREMENTS 
MODEL  AND  FULL  SCALE  EXPERIMENTAL  DATA  COMPARISON 


by 

Luc ii.  Accjrdo,  (CDR.IN),  MARICONAVARMI ,  MDM  ,  Roma 
Agostino  Colombo,  CETENA,  Cenova 


ASSTRACT 

The  ever  rising  interest  related  Co  the  underwater  noise  originating  from 
cavitating  propellers  ptompted  the  Italian  Navy  to  study  this  aspect  of  na¬ 
val  architecture  in  an  experimental  way. 

This  was  accomplished  carrying  out  extensive  model  tests  in  the  Italian  Navy 
cavitation  tunnel  (CEIMM)  and  full-scale  tests  in  cooperation  with  CETENA. 

This  paper  outlines  the  measuring  technique  the  acoustic  behaviour  of  the  ca¬ 
vitation  tunnel, as  well  as  the  measuring  technique  and  analysis  of  full  sca¬ 
le  tests  carried  out  with  hull-mounted  hydrophones. 

Some  problems  arising  from  both  these  kinds  of  measuresMnts  and  their  analy- 
*i »  methodology  are  highlighted.  A  technique  to  take  account  hull  boundary 
and  hull  vibrations,  during  full-seal*  teats,  is  also  discussed,. 

Finally  some  results  of  "near  field"  propeller  noise,  obtained  from  both  mo¬ 
del  and  full-scale  measurements,  are  shown  and  compared. 


INTRODUCTION 

The  noise  radiated  by  the  external  a laments  of  the  ship's  propulsion  system 
and  in  particular  by  th*  propeller  can  become  predominant  and  reprasantativ* 
of  the  global  noise  level  if  tha  operative  conditions  of  th*  propeller  are 
Such  ae  to  caua*  inception  and  development  of  cavitation  phanomona  on  its 
bladaa  IM. 

Under  these  conditions,  the  propeller  radiatea  directly  into  tha  flow  a  noi¬ 
se  level,  which  not  only  consists  of  a  certain  number  of  distinct  lines  in 
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the  ’ow  frequency  range  (linked  to  tne  blade  frequency  end  to  its 
mu'tlples),  but  also  becomes  predominant  in  the  whole  field  of  high 
frequencies  which  are  essentially  related  to  qavttatlonal  phenomena. 

It  therefore  appears  obvious  how  Important  the  propeller  Is  in  the  "acoustic 
signature"  of  a  ship  and  thus  in  the  possible  identif ication  of  the  ship 
Itse’f  by  modern  detection  systems  of  underwater  weapons. 

In  this  light  one  of  the  main  aims  of  the  measurements  carried  out  by  means 
of  hydrophones,  located  at  the  ship  stem  above  the  propeller  disk, consists 
in  defining  both  this  source  of  noise  and  its  levels  related  to  the.  various 
operative  conditions  of  the  ship.  . 

The  prob’em  of  propeller  radiated  noise  is  furthermore  considered  to  be  a 
subject  for  experimental  research  at  cavitation  tunnel's  world-wide  and  in 
particular  at  the  Italian  Savy  Cavitation  Tunnel  /2/. 

The  present  method  of  recording  and  analysing  noise  data  at  this  specific 
tunnel  has  been  established  as  a  result  of  numerous  tests,  carried  out  both 
on  two-dimensional  foils  as  well  as  on  propeller  mode's  In  order  to  optimise 
the  calibrstlon  of  the  adopted  measurement  set-up  and  essentially  to 
investigate  the  effects.  In  terms  of  acoustic  nolss,  which  the  inception  of 
the  various  types  of  csvltstlon  Involve  / 3/,  /A/, 

One  of  the  aspects  which  Is  still  under  Investigation  In  this  model 
experimental  research  la  a  unlvocal  definition  of  the  parameters  able  to 
formulate  correct  transfer  laws,  from  model  to  full-scale  conditions,  of  the 
noise  level  generated  by  the  propeller  . 

To  this  purpose  and  Independently  of  the  various  solutions  to. this  problem 
formulated  by  different  researchers,  the  availability  of  full-scale 
experimental  data  of  the  quantities  under  review,  provides  a  useful 
opportunity  to  verify  the  prediction  laws,  adopted. 

This  report  describes  the  testing  methodology  and  the  setting-up  of  the 
tests,  used  both  in  model  end  full-scale  conditions. 

Some  of  the  results  obtained  from  this  sxperlaensi  investigation  ere 
described  below. 


1  TEST INC  METHODOLOCY  AND  SETTINC  UP  Of  INSTRUMENTATION 


1.1  FULL-SCALE  MEASUREMENTS 

The  usual  assessment  of  this  kind  ,  of  test  consists  la  installing  soma 
(generally  two)  hydrophones  at  the  hull  bottom  above  the  propeller  disc  as 
well  as  s  number  of  pressure  transducers  (4-6)  sad  a  number  of 
eecelerometers  located  In  proximity  of  the  hydrophones  themselves. 
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The  huM  transducer*,  used  for  noise  measurements ,  are  UK  hydrophones,  type 
8101  (the  technical  characterl sties  and  relative  response  curve  are 
we^-known).  The  signal,  via  a  UK  amplifier,  type  2635,  is  visualized 
during  the  acquisition  on  an  oscilloscope  and  recorded  directly  onto 
•magnetic  tape,  "Scotch  3M"  using  a  Nag  re  IVS.J.  tape  recorder  (recording 
speed  :  38  cm/sec). 

The  transducers  used  to  measure  the  pressure  induced  on  the  hull  are  of  the 
Inductive  type  Pll  from  HBM,  whereas  the  accelerometers  located  close  to 
both  the  pressure  transducers  and  the  hydrophones  are  of  the  B4K  tvpe  4T/1  , 
with  .1  cut-off  frequency  of  around  2500  hz .  • 

The  signals  of  the  pressure  transducers  and  of  the  accelerometers ,  suitably 
amp1 if  led,  are  recorded  on  magnetic  tape  by  means  of  a  Sangamo  tape  recorder 
for  further  processing. 

A  general  outline  of  the  set  of  instruments  used  is  shown  in  fig.  I  in  which, 
the  dislocation  along  the  ship  of  the  various  transducers  and  of  the 
acquisition  terminal  la  also  shown,  for  the  measurements  which  constitute 
the  subject  of  th«a  paper.  The  positioning  on  the  hull  of  the  two 
hydrophones  and  of  the  pressure  transducers  is  better  Illustrated  in  fig. 2 
in  which  the  stem  ares  of  e  navel  vessel,  on  which  this  kind  of 
measurements  were  performed,  is  shown. 

More  details  on  the  instrumentation  set  adopted  by  CETENA  in  such  full-scale 
tests  Is  reported  in  /5 /. 


1.2 


NOISE  MEASUREMENT  SET  UP  AND ,  ACOUSTIC  CHARACTERISTIC  OF  THE 


C.E.X.M.M.  CAVITATION  TUNNEL 

-  Measurement  chain 

The  noise  measurement  chain  used  at  the  C.E.I.M 
the  block  diagram  In  fig. 3.  It  corresponds 
suggested  by  the  ITTC  /6/. 

-  Positioning  of  the  hydrophone  receiver 


hone 


Several  experiments  and  measurements  were  carri 
the  beet  geometric  position  for  the  hydropl 
suitable  link  between  the  structure  of  the 
hydrophone,  so  as  to  reduce  to  s  minimum  the  sl^i 


The  hydrophone  positioning  used  at  the  present 
tests  Is  se  follows  (compare  fig. 4)  s 

s)  In  correspondence  with  the  propeller  plane,  ill 


M.  tunnel  is  illustrated  in 
essentially,  to  the  one 


ed  out  la  order  to  establish 
receiver  and  the  most 
tunnel  and  the  casing  of  the 
nal  distortions  /7/,  / 8/ • 


by  C.E.l.M.M.  for  noise 


a  a  water  filled  box  mounted 
on  the  testing  section,  from  which  it  Is  Separated  by  a  parspex  window 


which  guarantees  acoustic  traaparency.  This 
on  the  tunnel  window; 

b)  at  1,63  m  from  the  propeller  model r  elthel: 


box  is  reelllfntly  mounted 


r  well  flush-mounted  or  in  a 
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wter  filled  bo*  reslliently  mounted  on  the  tunnel  well. 

-  Acoustic  characteristic  of  the  tunnel 

The  frequency  responce  of  the  working  section  of  the  tunnel  has  been 
obtained  by  using  *  hydrophone  emitter  placed  in  correspondence  with  the 

propel 'er  shaft..  This  type  of  hydrophone  emits  a  noise  signal,  produced  by 
a  generator  and  then  amplified,  its  spectral  components  being  uniformly 
distributed  along  the  frequency  range  concerned  (white  noise). 

In  order  to  check  the  acoustic  characteristics  of  the  tunnel  testing 

section,  two  series  of  tests,  using  the  same  C.E.I.M.M.  measurement  set  up, 
were  carried  out  at  I.N.S.E.A.N.  towing  tank  basin  n.l  (430mxl 3mx6.80m) . 
These  experiments  were  carried  out  by  placing  the  hydrophones  along  the 

centre  1  1  ne  of  the  basin,  at  a  depth  of  3.4  a,  at  a  distance  between  the 

emitter  and  the  receiver  of  respectively  0.4  m  and  0.8  m.  The  results  of 
the  above-tsentloned  tests  are  shown  In  fig. 5  from  which  the  following 
observations  can  be  deduced  : 

a)  the  acoustic  characteristic  of  the  tunnel  1#  fairly  similar  to  that  of 
the  basin;  ' 

h)  It  is  possible  to  transfer  with  fair  approximation  the  noise  levels 
obtained,  from  measurementscarrled  out  at  0.4  m  (tunnel)  between  the 
source  and  the  receiver  to  the  standard  distance  of  1  a,  between  the 
propel 1 er  and  the  receiver,  by  applying  the  law  of  spherical  propagation 
of  sound. 

-  Background  noise  of  the  tu~ nel 

The  reliability  of  the  measurements  carried  out  on  propeller  models  depends 
to  a  large  extent  on  the  acoustic  behaviour  of  the  tunnel. 

The  C.E.I.M.M.  tunnel  was  built  (1962-1964)  without  specific  consideration 
for  the  attenuation  of  the  background  noise. 

In  order  to  Identify  both  the  frequencies  themselves  and  their  ranges 
Influenced  by  background  noise  in  the  tunnel  (due  to  :  dynamometer,  main 
rotor,  ststor,  etc.,)  a  aeries  of  experiments  were  carried  out, 
systematically  varying  the  number  o*  revolutions  of  the  dynamometer,  the 
number  of  revolutions  of  the  mein  rotor  and  the  pressure  in  Che  testing 
section. 

The  results  of  ths  investigation  havs  shown  that  ths  pressure  in  the  testing 
section,  the  flow  speed  and  the  number  of  revolutions  contribute  in 
different  ways  to  the  background  noise  : 

-  the  variation  in  the  number  of  revolutions  of  ths  dynsaomster  has  most 
Influence  on  ths  bsckground  noise  and  it  becomes  louder  as  the  speed  of 
the  water  decreases 

-  ths  variation  of  ths,  prsssurs  in  ths  tsstlng  section  Influences  the 
bsckground  noise  on  frequencies  above  10  KHz 
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-  t  hr  v.;>!  I,it  inn  of  I  !ou  speed  in  the  testing  section  influences  the 
s,».*k  trounii  n«i !  se  .*t  flnw  speeds  of  more  than  9  m/ sec  . 

Tin*  exper  ■.  inen:  s  .-.•rrled  -mt  until  now  have;  moreover,  shown  noise  levels  for 
some  '  r  iM]ucti  i  i  s  fm  which  the  relevant  source  has  been  identified. 

It  is,  however,  important  to  stress  that  the,  background  noise  can  be 
disregarded  when  the  noise  'evel  '  of  the  propeller  under  testing  is 
re’at  lve’y  higher  (10  d  B)  than  the  background  noise  level  associated  with 
the  same  functioning  conditions.  Otherwise,  the  levels  and  the  ncise 
spectra  of  the.  propeller  must  he  corrected  f ">r  the  level  of  the  background 
noise. 

The  v»,»ck ground  noise  of  the  O.K.L.M.M.  cavitation  tunnel,  recorded  for  the 
,.vpe >•  i i  moot s  carr  ied  out  until  now,  has  a’ways  been  negligible,  particularly 
In  the  frequency  fie'd  typical  of  cavitation. 

-  Testing  methodology 

The  tunnel  cavitation  experiments  are  curried  out  disregarding  the  Froude 
number  parity  in  order  to  achieve,  for  a  given  cavitation  index  and  a  given 
advance  coefficient,  a  Reynolds  number  sufficiently  high  to  reduce  as  far  as 
posslb’e  e.»v  i  tut  ion  scule  effects. 

This  essentially  Involves  carrying  out  the  experiment  using  a  high  number  of 
prope 1 i er-re vo1 ut i ons  ,  the  highest  possible  in  relation  to  the  strength  of' 
the  model  and  therefore  at  a  higher  static  pressure  than  would  be  '  necessary 
to  adopt  according  to  Froude's  law. 

Such  a  tenting  method  also  has  advantages  related  to  noise  testing,  as  it 
a’’ows  a  reduction  in  the  quantity  of  air  bubbles  which  form  in  the  testing 
section  thus  ensuring  the  correct  acoustic  transmission  of  the  water. 

It  should  also  be  noted  that  by  using  high  pressure  values  it  is  possible1  to 
perform  the  tests  with  a  fairly  high  air  content  (around  0.6)  which  Is 
positive  for  what  concerns  the1  tunnel-sea  correlation  in  terms  6f  cavitation 
phenomena  / 2 / . 


2  ANALYSIS  METHODOLOGY  AND  DATA  PROCESSING 

Given  the  complex  nature  of  the  acoustic  noise  signal,  the  methods  of 
analysis  of  the  signal  can  be  differentiated,  depending  on  the  type  of 
information  which  needs  to  be  obtained. 

There  are  basically  two  ways  of  ansllzlng  the  rsdlsted  hydrodynamic  noise  : 

a)  the  so-called  Mbroad-bend”  analysis  which,  depending  on  the  type  of 
analyser,  can  be  carried  out  in  octave  bands,  one  third  octave  bands 
(more  common),  one  tenth  octave  bands,  etc. 
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b)  the  "narrow-hand"  nalysls,  which  Involves  analysing  the  signal  with  a 
higher  frequency  resolution  so  as  to  define  the  energy  content  of  the 
•lotse  i’n  a  much  higher  number  of  frequencies. 

The  first  is  tvpical  of  the  noise  measurements  radiated  at  relatively 
1  ong  distances  from  the  ship  ("Far-Fiel  d")  and  the  results  are  shown  as  a 
function  of  the  values  of  the  central  frequency  of  the  various  bands  as 
being  twenty  times  the  logarithm  of  the  root  mean  sqared  value  (R.M.S.) 
of  pressure  referred  to  a  reference  value  ( Po  ■  If*  Pascal),  thus  : 

(Band  level)  B1  -  10  1g  (p'rms/P’o)  -  20  lg  [Pras/fo). 

Generally,  the  ’‘level"  is  shown  in  a  spectral  form  (and  thus  corrected 
for  the  width  of  the  hand  so  as  to  refer  it  to  1  Hz  according  to  the' 
formu'a  : 

("Spectrum  Level")  SL  ■  B1  -  10  lg  ( A  f)i 

and  finally  reduced  to  the  distance  of  1  metre  from  the  source,  by  means 
of  the  formula  : 

("Spectrum  Level")  SL  -  SL*  -  10  lg  (R/l  m), 

where  R  -  distance  in  metres,  according  to  the  hypothesis  or 
omnidirectional  spherical  waves.  The  usual  notation  is  thus  as  follows  : 
"Spectrum  Level"  SL  (dB)  .  ref  IpPa,  la,  1  Hz . 

The  second  type  of  analysis,  on  the  other  hand,  provides  more  detailed 
information  about  the  frequency  field  by  identifying  all  the  predominant 
lines  of  the  spectrum.  The  presentation  is  simply  made  in  terms  of 
"levels"  (referred  to  l|iPa  and  to  l  m),  indicating  the  width  of  the 
narrow  band  used. 


2.1  TECHNIQUES  USED 

Both  of  these  analysis  techniques  were  applied  to  the  data  obtained. 

The  broad-band  analysis  was  carried  out  In  one  third  octave  bands  using  a 
Bruel  &  Kiaer  type  2131  analyser  which  supplies;  directly  onto  video,  the 
acoustic  "levels"  as  a  function  of  the  frequency  centres  of  the  various 
bands  starting  from  1.6  Hz  up  to  160  KHz.  The  levels  were  obtained  with 
linear  averagee  and  relative  mean  times  of  32-64  seconds. 

Some  results  will  be  illustrated  In  the  next  paragraph. 

The  full  scale  data  analysis  was  limited  to  the  up  frequency  of  20  KHz  and 
all  the  relevant  results  are  reported  In  /9/. 

Aa  far  as  the  analysis  relative  to  the  signals  of  the  pressure  transducers 
and  the  accelerometers  pieced  on  the  ship  stern  Is  concerned,  this  was 
carried  out  using  the  Fast  Fourier  Analyzer,  type  .P.  5451  B,  In  use  at 
CETENA  Data  Processing  Centre,  which  ellovs  the  spectral  distribution  of  the 
pressure  values  Induced  by  the  propeller  end  the  vibration  values  In  terms 
of  local  acceleration,  to  be  obtained.  All  the  relevant  results  are 
reported  In  detail  In  / 10/ . 
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2 . 2  EFFECT  OF  THE  HULL  ON  THE  FULL-SCALE  MEASUREMENT  AND  CORRFXTION 
METHODS 

The  ('ompleraentery  measurements  carried  out  by  means  of  pressure  and 
ai-re1  erometer  transducers  aim  to  define  both  the  pressure  li  •*?lc  Induced  by 
the  propeller  at  low  frequencies  (first  blade  frequency  and  its  multiples) 
and  the  local  as  well  as  global  vibration  levels  wnich  occur  In 
correspondence  with  the  hydrophones  thereby  affecting  the  response. 

The  simultaneous  analysis  of  these  signalsatlows  the  right  corrections  at 
noise  'eve!  picked  up  by  the  hull-mounted  hydrophones  to  be  carried  out  so 
as  to  eliminate  both  the  effect  of  the  presence  of  the  hull  (solid  boundary) 
as  well  a9  the  effect  due  to  the  vibrations  of  the  hull  Itself. 

Tne  corrective  f ac( oc  du«*  to  the  first  effect  Is  defined  as  the  relationship 
between  the  pressure  measured  at  the  hull  and  the  pressure  radiated  In  the 
free  field  and  It  Is  of  course,  a  function  of  the  form  and  material  of  the 
surrounding  surface. 

In  the  case  of  a  rigid  plate  of  infinite  dimension,  this  factor  takes  on  the 
value  2.  Moreover,  this  value  lias  been  confirmed  also  for  stern  shapes 
similar  to  those  '  of  the  above-mentioned  ship  as  proved  by  previous 
experimental  tests  /II/. 

Therefore,  all  the  collected  pressure  values  must  be  divided  by  2,  which 
means  a  reduction  of  6  dB  (in  the  low  frequency  range)  on  the  directly 
measured  noise  levels. 

A  second  problem  which  must  be  taken  into  consideration  is  that  of  the 
global  and  local  structural  vibrations  (of  pcnets)  to  which  the  hydrophones, 
rigidly  mounted  on  the  hull,  are  subjected. 

It  is  above  all  the  local  vibrations  which  can  Induce  very  high  pressure 
values  In  the  Immediate  vicinity  of  the  hull  surface  so  that  the'  hydrophone 
In  the  hull  also  records  the  effects  of  this  contribution  due  to  the 
vibrations. 

In  order  to  obtain  noise  levels  eompsrsble  with  the  tunnel  test  results,  it 
is  therefore  necessary  to  establish  the  Influence  of  the  global  and  local 
vibrations  and  thus  the  pressure  by  them  induced. 

As  far  as  the  effect  of  the  globel  vibration  of  the  hull  Is  concerned,  it  Is 
necesesry  to  measure  the  pressure  and  the  vibration  both  in  conditions  of 
forced  excltaton  (by  means  of  a  hydraulic  exciter)  as  well  as  in  natural 
excitation  when  the  ship  la  underway.  . 

Relative  to  the  effect  of  local  (panel)  vibration,  a  series  of  additional 
measurements,  using  accelerometers,  are  needed  by  locally  exciting  the  panel 
In  order  to  define  Its  resonance  frequency  (or  frequencies).  By 
simultaneously  recording  the  signal  from  tha  hydrophone  mounted  on  the  panel 
the  transfer  function  between  pressure  end  vibration  can  also  be  ob^lned. 

For  frequencies  near  the  local  resonance  frequency  of  the  panel,  variations 
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of  pre  mre  cnn  be  found  (n  the  nearby  flow  which  can  even  be  far  higher  to 
those  induced  bv  the  cavl taring  propel ' ar ,  as  experimentally  proved  by 
several  re  sea  re  her. •»  /  I  2/ ,  which  require  corrections  of  up  to  15  dB  on  the 
spectra'  content  of  the  measured  noise  'eve Is. 

A  ■  measure  on  the  effects  of  the  vibration  of  the  ship  stern  structure,  by 
means  of  accelerometers,  was  carried  out  during  the  trials  the  results  of 
which  are  discussed  in  this  report. 

The  prersure  due  to  the  global  vibrations  was  obtained  froa  these 
measut emants  and  was  of  the  order  of  5Z  of  the  total  one  foi  the  first  blade 
harmon'c  and  of 'the  order  of  25t  for  the  second  one. 

This  requires  a  further  .correctloh  of  the  noise  level  measured  by  the 
hydrophone  of  the  order  of  1-2  dB. 

The  'oca’,  panel  vibration  measurements ,  for  which  it  is  necessary  to  use  at. 
accelerometer  ( pi ezoe ’ ec t ric)  with  a  high  cut-off  frequency  (with  a  linear 
response  from  0  Hz  to  a!  least  12000  Hz)  were  not  carried  out  on  this 
occasion.  Therefore  a  check  on  the  actual  correction  to  be  made  to  the 
spectral  noise  levels,  due  to  this  local  vibrational  effects,  was  not 
possible. 

The  uncertainty  concerning  the  validity  of  a  comparison  between  noise  levels 
remains;  within  the  middle'- frequency  range,  even  If  these  experiments 
have  enabled  a  more  correct  methodology  to  be  identified,  both  for 
acquisition  as  well  as  analysis  to  be  used  in  the  future. 


3  PRESENTATION  OP  RESULTS 

All  the  results  obtained  from  the  experimental  full-scale  trials  performed 
on- an  Italian  Navy  frigate  are  reported  in  detail  in  /9/1 

measurements .and  analysis  cf  propeller  radiated  noise  have  been  carried  out 
at  Increasing  ship  speed  from  a  ship'  P»j  -  0.1  AO  up  to  ,Fn  »  0.400  in  order 
to  investigate  both  on  the  effects  that  the  different  propeller  cavitating 
conditions  have  on  the  radiated  noise  as  well  as  on  the  efficiency  of  two 
air  Insufflation  system  with  which  the  ship  is  equipped. 

In  this  report  the  radiated  noise  spectrum  levels  measured  by  means  of  the 
hull  f Tush-mounfed  hydrophone  for  two  most  significative  ship  speeds 
(P«j  -  0.246,  corresponding  to  back  shet  and  tip  vortex  cavitation  inception, 
and  -  0.400  corresponding  to  the  highest  investigated  speed)  are 
reported. 

The  two  noise  spectrutf  levels  are  shorn  In  fig. 6  and  7  respective. y,  where 
the  corresponding  spectra  obtained  from  teat  carried  out  in  model  scale  at 
Cavitation  Tunnel  for  the  same  propeller  operating  conditions,  are  shown  and 
compared.  In  the  same  figures  the  "far  field"  ship  radiated  noise  spectra, 
as  measured  by  the  fixed  hydrophones  of  an  acoustic  range,  are  also 
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t  nd 1  •*  A  >  *‘d  . 

The  ti.m'cr  Adopted  f  >  scc'e-tip  both  frequencies  c:;d  sound  pressure 

'eve's  from  mod*-’  to  fu'i  sce’e  Conditions  .»re  Su»«u» r  1  red  In  flft.M  end  ere 
S.»st-*e,,v  derived  tn«  tef.  /!!/. 

As  .-.an-er  n  t  tie  two  respective  prope'ter  o.evftetfon  pettr-rns  observed  both  in 
‘u’’  sc  e  ’  ••  end  mode*  conditions,  they  ere  shown  in  f  t  sk  .  ,  M  where  the 
evtect  o*  section  end  pressure  side  evitetion  Is  illustrated. 


r  hSKSVATW  AST,  Cn**flL.VTS 

fron'the  re*u*1s  discussed  In  this  paper  the  following  can  be  noted  : 

-  the  noise  spectre  aeesured  In  the  tunne'  end  seeled  ere  lower  then  those 
ohtetned  In  tu’l-sce’e  conditions. 

Possible  exp'enetlon  for  this  dlsciepency  cen  he  found  from  the  following 
f  e  <•  t  o  r  s 

-  In  'be  tonne*  the  noise  emitted  from  ,the  propeller  elone  Is  nwe.su re  i 
wherees  In  fijll-sce'e,  the  meesurement s  ere  e  1  so  Influenced  by  the  ((lobe! 
noise  produced  by  the  snip 

-  tne  extent  of  the  cevltetlon  on  full-scale  propeller  bledes,  although 
felr’y  reproducing  the  slmuleted  one  In  the  cevltetlon  tunnel,  shows  some 
>erted  ’ore’  phenomena  wtilch  ere  unreproduc I b*e  In  the  tunnel  due  to  ■  meny 
pblslce'  reesons,  not  ’eest  different  menuf ectortng  toterences  /14/ 
between  the  mode*  end  full-scale  propeller 

-  the  edopted  noise  seeling  lew,  according  to  the  TMO  formulation  /IV, 
should  be  refined  on  the  bests  of  both  further  tunnel  er.d  full-scele 
experiments. 

In  this  contest  it  must  be  pointed  out  that  one  of  these  in  recommendations  put 
forward  by  the  lest  ITTC'JA  Cavitation  Committee  concerns  "the 

implementations  of  noise  scaling  lews  by  utilising  result  from  this  kind  of 
fu!l-sc#*t  tests". 


5  COIICUJSIOM 

This  report  bee  described  some  fundamental  aspects  related  to  the  problem  of 
noise  tedleced  by  a  ship  (in  particular  by  lta  propeller)  at  sea  and  some 
ganarat  concepts  relsting  to  experimental  techniques  and  noiaa  processing 
are  also  •unmerited. 

Prediction  of  the  propeller  radiated  noise  in  full  seals  conditions  it  not 
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•mp.Me  (V,  n*  *f  !  v  t  he  pr''p***Vr  ti*'  t  s»*  spectru®  ohtyinrd  from 

;f<J  mil  >n  *od<* 1  %*'*'•*  (  Ovlt^tion  Tuan#*  *'  >  with  results 

h*.»‘oed  Sv  »e.»r(*  of  hydrophones  mounted  on  the  nhip  hull,  it  U  / 

*  >  •/«♦*  info  the  <11  f  <wmnd«*?v  condition*  between  the  two 

vAsnrpwri  sv»?p#s,  which  cen  he  .*  de«j  •>,*  t  v  eveluettrd  co*p’i»*r*r,f  y 

vA'-u-c^n!  *  ♦»  '  f  - n  5  jiw  s  *%  ,»  ’  jf,‘  fy  npnf 


the  ovI’Af  t<-n  tonne1  with  its  t  n>*  r  inentet  I  o.i  equipment  represent  .• 
‘  »  j  h 1  #*  *nl  •'••Meh'e  ter  i' try  *n*  •  v’^t  i  v»*  <*y«»hi*ttofl  of  the  no  i  *e 

•"  v  *• 1  v  »ss  >e:  e?e.J  with  various  :•  r.opeM,.  r  ce  vt  t  «*  t  i  orw»  !  phynuurn^,  As  e 
••■»  ■  r^f  <  .it  rhf*  s’A'iwnf  s-me  i  1 1 3  t  s  «>f  *  cosfwr  !  tf«*  noise 
mr  >  *  ;  f  e»se  n  f  s  ,  h  f  ITTc  »'evi  Teflon  Coemlttee  Carried  out  by  *<x*r 

♦  nt  er  n/»t  t  one  1  Tunny1!  on  the  set*e  propeMfr  mode'  under  different 
•evtfetlnjt  condition*  .of  reported  in  ftRf(*H  +  l)»  wher#  CEJ^*'  reiult 
ere  e  1  so  %h<»wn  end  competed  /  1  S  /  • 

If  !  »  the  author*'  end  their  respect  lye  Or t t*t Ion* '  #!■  to  continue  the 
s?  ud'iri  concerning  rorty  ^ft  lorn  of  both  noise  ^#vt  <•  end  propeller  induced 
pressure*  ibetween  mod*'  (Ov.  Tunnel)  end  experiment*! 

^  ond  1  f  1  r>n  %  .  ,  t 

Of  '-our*#  t  h#  »*ount  of  full  »e#1#  expe r laentel  del*  *#£  1 1  definitely  b# 
tncre#*ed  once  #n  #<-ou*tlc  renge  ,  i  •  .#  vei  ieble  in  Italy* 
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Noise  measurements  of  conventional 
tunnels  ( suction  side  cavitation) 
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Noise  measurements  of  conventional 
tunnels 


-  Cavi  toting.  propeller  noise 

—  Background  noise 
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Noise  measurements  of  conventional 
tunnels  (pressure  eidm  cavitation ) 
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'  ABSTOCT 

Acoustical  nidging  of  slap  radiating. noise  sources  retires  the 
ck-wloptiiiiit  of  near  field  array  processing.  Performance  analysis  of  a 
linear  processing  with  static  sources  together  with  its  adaptation  to 
moving  sources  l.iay.ng  are  presented.  Application  of  this  processing  to 
tiXjxiri  mental  measurements  with  static  and  moving  electroacoustic  sources 
is  shown.  Experimental  results  and  theoretical  analysis  are  in  good 
.igreement . 


1 NTROOLCTI  ON 

Irrprovement  of  ship  acoustic  discretion  requires  the  identification  of 
radiating  noise  sources.  M  interesting  way  to  achieve  this  purpose  is  to 
locate  the  radiating  regions  on  tl«  hull  of  the  ship. 

Tte  acoustical  facility  could  be  a  measurement  station  where  the  ship 
should  follow,  with  fixed  operating  condition,  a  straight  line  parallel  to 
a  mil  ti  hydrophones  linear  array. 

Usually  the  aim  of  acoustic  inaging  is  to  identify  the  directions  of  a  set 
of  individual  independent  sources.  Here,  the  situation  is  different. 
Sources  are  distributed  on  a  ship  of  finite  length,  and  they  are  to  be 
separated  spatially  along  the  3hip  length  in  his  owi  Crane,  rather  than  in 
angular  direction  in  the  observation  frane.  The  relevant  representation  is 
therefore  the  amplitude  of  the  noise  source  pressure  as  a  function  of 
frequency  and  axial  position  on  the  ship.  The  structure  of  the  noise 
sources  function  may  be  complex,  due  to  the  number  of  independent  sources, 
to  their  spatial  dimensions  (conpact  or  distributed),  and  to  their 
spectral  or  tenporal  content.  In  addition,  this  acoustic  imaging  mist  take 
into  account  the  motion  of  the  ship. 

Although  other  techniques  may  be  developed,  the  approach  followed  in  this 
paper  consists  in  adapting  to  imaging  the  classical  beamfoming  technique. 
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i  m::  :;eap  r:cu>  rvActr, 

Classical  .jeamt'onrang  with  sources  in  tin1  far  field  of  the  array  (:>ior  ■ 
wave  a,**  -xi;. at. ion )  allows  tin?  spatial  position  of  the  sources  to  he 
f'.’-rrunei:  if  thrsr  radial  01  stance  0  is  known  (see  fig.  1  for 
>»'*f  i.’u  •  1'ifis  ) .  'if*'  ::t‘asurrw>nt  of  0,  yields  X.=  Ph£0o  •  Hie  angular 

resol  itum  ■  -f  such  an  array  being  approximately  AfcQ)  ^  (  “X  is  the 

us*  jc  wavelength),  its  siutial  resolution  will  be 

(i)  ax  a,  9/05*0.  •  r 


If*.'  .>‘st  resolution  seems  to  be  obtained  when  D  L  but  tile  plane  wave 
s ion  becomes  irrelevant  .  Ihe  shortest  distance  D  for  this 
approximation  is  controlled  by  the  limit  of  the  Fresnel  zone  of  tin?  array 
3-fT  L  ^CoS  9„  ,  so  that  the  minimum  value  of  Ax  is  : 

V 

(2)  AV„  A/ 


it  irprove  tie  angular  resolution,  the  length  of  the  array  nust  be  large 
with  rt-'Sfject  tn  the  wavelength,  so  that  AX„»>  .  lb  obtain  a 

better  spatial  resolution,  the  measurement  has  to  be  nade  in  the 
near- field  of  the  array,  and  the  curvature  of  the  wave  fronts  has  to  be 
taxers  into  account. 


Even  in  this  case,  tl«e  spatial  resolution  will  never  be  very  nuch  smaller 
than  tie  wavelength.  If  additional  mfonratian  on  the  sources  is  not 
M town .  Witixxit  such  ah  information,  the  source  function  is  not  uniquely 
determined  by  tie  radiated  pressure  field,  according  to  the  KirChhoff 
integral .  One  rrust  then  choose  a  particular  representation  for  the  noise 
source  pressure  description.  Here,  this  representation  will  be  the  • 
amplest  one  :  an  equivalent  ncnojiole  source  distribution  along  a  straight 
line.  The  array  processing  presented  here  is  the  adaptation  to  this 
near-field  imaging  of  the  classical  linear  beamforming.  , 


2  NEAP-FIELD  AHRAY  PROCESSING  AW)  PERFORMANCE  ANALYSIS  IN  THE  STATIC 
CASE  Tre?m  ;  '  '  : 


In  presence  of  a  3ingle  plane  wave  and  additive  uncorrelated  noise  of  same 
variance  r  an  each  sensor,  t Is*  optinal  estimation  for  its  arplitude  and 
direction  is  obtained  by  classical  beamforming .  Fbr  a  near-field  array  of 
N  sensors,  the  ec^ii valent  of  the  plane  wave  is  given  by  a  single  monopolar 
source  of  amplitude  A  yd  location  ajj  (fig.l).  The  pressure  on  the 
sensor  i  of  location  V.  is 


.  Jf 

(a)  4bj 

It  can  be  shown  thal  the  optimal  estimate 
function  \ 


&* 

X 


of 


maximizes  the 
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0>  =  1^-/^ 


i:w:  <;U::wi  etaf  A  a\  is 


■‘Mr-*! 


!^?i 


(s)  a  =(f.:4-o 


k.  ,:i  classical  ura; nq,  Uieso  estimates  will  be  used,  even  with  an 

m,  !•«  t,K  < •  ile  source  oistribut  ion.  'fliey  are  'obtained  by  focusing  the 
.;-r ay  .uki  for  tl»*  points  giving  the  nest  contrast.  The  performance 

i  ♦ms  array  pr»  messing  is  the  fallowing  : 

•  :v  iai  resolution  defined  by  *.;*.*  difference  between  the.  maxirnar.  of 

.  .mu  uie  tsrst  rerq-cross.ng  ot  B  (?)  around  Jsjf  is 


a*  -  ak 


'f  L4» 


»J,  hi  x  '  close  to  J#(WjX-X»|),  so  tliat 


(V 


AX  =  ^3*  > 


Kir  a  fixed  distance  0,  :t  is  therefore  not  very  useful  to  increase  the 
length  L  when  L  ^  J.  •  , 

Figure  2  shows  simulated  results  for  B  (X)  when  the  source  is  at  location 
a  -  0  for  various  values  of  the  mtucad  wave-number  K  =  kb,  with  0  =  L  and 
:i 

-  tie  dept  i  of  field  is  aporoxiuat  ivciy  : 


(t)  A~3,iA(£f 


wtien  L  /  D 


Figure  3  shove  sinulated  results  for  the  same  source  and  array  parameters 
as  in  figured  and  for  sore  values  of  K. 


-  with  N  sensors 


equidistant  of  Ay  [(u-0A?«L].BCx)  shows  spatial 


side-lobes  like  in  classical  beamfnrming.  Also  spatial  aliasing  appears, 
at  angular  positions  \ftSrj8  -  gin  /v  •  but ‘with  shape  and 

anplitude  different  from  far-field  beamforming  (fig, 4). 
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'  '  xkxli.h;  in  "in;  static  cask 

:■  •v.i. -;j' i  *J*.  :>•  i  t. u.v.t.-  •  i  a  near -field  array,  an  experiment  lias  ‘wen 
.  :  ;ni  K:t.  ih  ?a.a  illixi's  facility  of  GEiiDG”.  Hie  array  consists  of 
I  •  :.y  a  piii.no:;  ,i  it  of  0,1  m  and  irtrcrsi'd  horizontally  at  20  in.  Two 
■  .•«:*.  r  -ac  ous*  ic  :  rnnu:  is  hinv.’  Ixien  placed  in  front  of  the  array  at 

I.::  -  .»  ..ins  ;  tint/  are  driven  at  different  f  rcsjueneies  (sine  or 

: . . :  ave  » u -n  ) .  Gome  results  of  the  array  processing  are  shown  in 

.  •  >  2.  ;•  tiu.Mis  that  tint  experimental  itorformar.ee  m  spat  ml 
; *  . •  »n  ,m«:  «•.»!'  :>t  field  of  tiie  array  are  in  good  agreement  with  the 
:  i  ■■ ; :  c ;  .  on . 


•«  . .'2 ./jTA'.  I ’■>?«  It)  .'DTIIlj  GOGRChS 

:var-field  array  processing  can  be  adapted  when  the  sources  are 
>n  at  a  constant  speed  V.  Hie  principle  is  tfien  to  catch  a  set  of 
single  pictures  of  the  sources  in  tin;  franc  of  the  array,  each  of  them 
rrespwdmg  to  a  sn«il  1  uisplacencnt  Sx  of  the  sources.  He  pictures  are 
averaged  after  siuftmg  them  in  the  sources  frame  with  the  help  of 
.i.ih.tional  information  related  to  its  trajectory. 

let.  T  be  the  duration  for  a  single  picture  (T  =  ix/V) ,  and  Af  the 
frequency  resolution  (  A(  =  Vr  ).  IXie  to  the  Doppler  effect,  the 
various  array  sensors  'io  not  receive  tic  sane  frequency  for  a  source  at  a 
i  roguency  f.  'He  nuxinuxr  difference  between  two  received  frequencies  trust 
ns. am  witlur.  a;  for  a, significative  confutation  of  B  (X).  Let  be 
*!«_■  angle  giving  tic  position  of  the  source  with  respect  to  sensor  l 
(fig.l).  He  Dojjpier  siiift  on  tins  sensor  is 

ai'.c  *j*»  uaxusum  differential  Doooler  shift  is  .-s  X  M  Cb»0|^ 

with  (  p->L  V. 

Xitii  tdie  spatial  resolution  A.X  at  —  _  , 

Lco'ft. 

.  (?)  , 

Therefore  or  if 

VTrrSX<AX 

In  conclusion,  the  condition  required  to  get  each  picture  is  that  the 
displacement  of  the  source  nust  lie  snaller  than  the  spatial  resolution  of 
tic  array. 


An  experimentation  was  done  at  the  Lake  Cast l lion  facility  with  a  vertical 
■  array  of  19  hydrophones  and  an  electrodynamic  transducer  mounted  in  a 

j  guided  streamlined  body  (fig. 8).  Hie  source  location  information  was  given 

j  by  a  revolution  counter.  Hie  speed  of  the  source  was  about  3  m/s.  Figures 

I  9-10  give  typical  results  of  this  test  that  show  the  ability  of  the 

'  technique. 

u  ■ 

!  ' 

I  .  ’  ■'  , 
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•  •*:* t  ;;  i-ntai  results  sJkjw  tliat  »he  imaging  technique  based  on 
-•  ebb  .jrr.iy  ; -riwss mg  is  valuable  for  static  or  moving  sources • 

«,  .  i  ;c.i*  :■  ins  <>(  tins  1  inear  processing  are  limited  by  Hie  spatial 

r<i  .tv:  the  monooolo  soiirce  mcxlel  .The  spatial  resolution  lirr:  it'd  to 
v<,  i  vol.'n;  tii  hi -comes  wry  ;inor  at  low  f  nxjuencios  and  this  teclinique 
■  i  rr-'l-'v.int  when  t  he  wavelength  is  not.  sinal  l  with  respect  to  the 

i  'ho  sl’i : , , . 

»•  us-.  '  i.-iuge  of  :ti<-  sources  itiiy  lx? -difficult  to  read  if  tlx.'  real 
-  •  v:  ;  ire  is  far  f r< n  being  of  a  monopolar  ,ty>o.  'lb  awerconi'  sucii 

■•.bs:is,  ruff  icular  signal  processing  techniques  already  develnnod  f  >r 
i-'hi  location  could  I*'  adapted  to  the  near -field  situation.  It  si  mu  Id 
.»•  .•n'C'-ssai  y  to  tuKe  into  account  tlx.'  Doppler  effect  and  have  relevant 
.id  ux.  on  tlx'  sources  to  nrxlel  tliem. 


it  jd 


1.  . :i,i /V. ,  b.  4  .‘WwW-K/,  0.  utilisation  d ‘antenna  focal isaos  rmur  lu 
1.  cai  ir.ar  ion  des  sources  acoustigues.  11th  ICA  Paris  19-27/7/82  Vol  C 

>:  i  1  f.  j-  i  *  •(/ . 
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f  iq  -  Acouttrc  B  ;».f  I  of  two  o«JCOi.i»:c  tauter*  «ic>tad  with  j  v*«a  ■wVw*  /  «-«j 
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Fig  €  -  AcouaMc  tnoga  0  (i.yl  of  two  otoctroocouitfc  tourcee  •*  cited  * *m 
o  tMfd  octave  bond  of  2hHi  N«l9  ,  L«8m  ,  0*?,2m 


Fig  *  -  Dept*  ol  ttaio  Aco~tf>c  wnoge  of  on  atoctrooeauttc  tout c a  excited  Dy 
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According  to  these  hypotheses,  the  M*-  Jbeys  to  a  second  order  wave  equation 
and  to  a  VdfGHtNS  principle"  associated  (flg.l). 
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w fcr>  r  is  the  wave  number  for  the  centre  of  the  band,  r,,  r,  the  distances 
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The  quantity  of  use  for  introduction  in  formula  (l)  is 
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The  MC  for  (Xj.x^l  can  be  expressed  in  terms  of  the  MC  for  (cj.f.^)  by 
use  of  the  formula  (1/. 
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;*  *ne  ••mission  of  me  ship  is  seen  as  ponctual  acoustical  sources, 

•  ftirely  independant  to  eai h  other,  the  situation  is  exactly  the  astro¬ 
nomical  situation  in  which  the  optical  sources  in  two  points  of  the  su« 
tor  example  are  independant, 

n  *.h  i  s  r  ase  .  : 


\  is  the  acoustical  intensity  in  each  point.,  and  the  integral  J  reduces 
•o  a  simple  integral  : 
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»erm  uf  ova»  i  irn  e  matrix  ( X jX,)  can  be  expended  in  a  sum 

w '-respond)  n*j  f<>  '»»*  d’  .'in,  t.  ■  on  t  r  i  bu  t )  ons  .  If  the  antenna  has  a  very 
’  ■■  )'■  '  eso  vin  j  piiwf  r  ,  ",ey  are  seen  as  distinct,  if  not  they  are  seen  as 
I*  im.jue  sour- e  whose  angular  t  o*  at  ton  is  between  the  extremities  of  the 
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*'•!  ,  situation  is  modi fied  if  the  ship  bears  a  repartition  of  acoustical 
.  ,jr  .  wit',  a  Mf  tyn,  tion  flint*,  between  any  couple  of  points. 


'  <!,  "ns  pncnome non ,  let  us  suppose  that  this  MC  takes  the  form 
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I’s  modu’es  is  decreasing  with  the  distance,*  is,  a  radius  of  correlation 
If  *  an  be  supposed  also  that  the  argument  is  variable  (linearly)  with  a 
'  harac .  teristic  length  •  (■  can  be  infinite  if  no  variation  of  the  argument 

exists). 


hen< e  it  Can  be  written 
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In  order  to  evaluate  this  integral  let  us  suppose  that  p  Is  very  small 
versus 

and  adopt  new  variables,  according  to  the  transformation 
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<  s  o  u r  i  e  is  suf  ♦  i  ’  ent  I  /  remote,  the  V‘-tprm  in  the  exponential  can 
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The  argument  of  J  vary  quasi -l  inearly  from  -  j-  tc  ^  If  Xj,-^  vary  ffOm 

-l  to  H  and  the  angular  measurement  the  antenna  can  achieve  is  false 
(the  argument  of  the  characteristic  factor  takes  any  value  according 
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is  an  e» tended  source  whose  repartition  is  roughly  sinusoidal 
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o  r  r  e !  ,i  1 1  o  n  function  can  be  app-oximated  by  a  few  sources 


'liflCLv^iON 

e  tneorptifal  possibility  to  make  inefficient  the  high  resolution  method 
•bus  shown.  However,  achieving  this  result  involves  a  modification  of 
e  a>.ous-f  ica I  emission  of  the  ship,  and  this  problem  must  he  studied  from 
e  point  of  view  of  its  practical  realization.  1 
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abstract' 

The  Mobile  Range  described  in  this  paper  allows  measurements  of  noise 
radiated  ‘‘rom  both  surface  ships  and  submarines  in  open  seas  with  bottom 
depUs  from  less  than  lOOm  to  400  meters.  The  range  is  being  developed  and 
buili  by  Sonomar  under  contract  with  the  Italian  Navy.  The  system  is 
semifixed,  that  is,  it  can  be  launched,  utilized  and  recovered  in  short 
time  'or  else,  with  some  precaution,  can  be  left  operational  for  longer 
periods.  In  this  paper  a  description  of  the  system  is  given;  the  design 
criteria  for  the  at-sea  measuring  equipment,  the  navigation  of  the  vessel 
being  tested’  and  for.at-shore  data  analysis  are  discussed. 


INTRODUCTION 

The  system  described  in  this  paper  will  be  used  to  measure  the  noise 
radiated  by  surface  ships  and  submarines  in  both,  dynamic  and  static 
conditions,  in  open  sea  with  a  bottom  depth  from'  less  than  lOOmt  to  400 
meters. 

The  system  is  semi-fixed,  that  is,  it  can  be  launched  at  sea,  utilized  and 
recovered  in  a  short  space  of  time,  or  else  it  can  be  left  operational  for 
longer  periods,  provided  certain  ^cuutions  are  taken. 

The  mobile  range  is  now  being  developed  and  built  under  contract  with  the 
Italian  Navy. 

In  this  paper  a  description  of  the  system  is  given;  the  design  criteria  for 
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■  j  •  :  <■  ii.  !>"l  in  areas  with  hot  topi  <Jopth  up  t.<>  .Ido  motors; 

•  i  .  '  )'•'  1 1  1*1  i  i,-,  '•>  ;  survival  of  the  in-water  equipment  .it. 

.  i  *  '  • 

•  '  i  «;  i  . . .  "l  m-w.itor  equipment  to  bo  performed  tiy  a  small 

■  ;  *  i  -.  1 1. ; rr, . iir  ■  < -t  ••  X( l  r>  1  «•  parts. 

’  i  >:  :  -t  i  1  ; '  y  *.•  Pol'd  h  and  r’Diver  the  range  and  to  conduct  t.he 
-.i  i.  d  •■!':(■!.<  s  :  rum  the  surlae  ships  to  be  tested. 

•  Vix;- of  reliable  o  ime  rc  l  a  1  y'  available  equipment. 

•  '  t  a  setl  analysis  <  ,  existing  facilities-. 


'  ‘  ■'  Mi  '  1*1-  'N  of  THK  SY.ITKM 

The  sys'em  consists  of:  -  , 

a'  in-water  subsystem,  formed  by  three  mooring  supporting  the  required 
hydrophone  stations,  a  marker  buoy  arid  a  radio  buoy  transmitting  data  to 
in  assist  ship.  ,  • 

!•>  Navigation  subsystem,  located  on  the  test  vessel .having  the  purpose  of 
giving  navigational  control  with  respect  to  the  moorings.' 

fi  bigrial  acquisition  subsystem,  located  on  the  assist  ship  (or  else, on  the 
test  vessel  if  it  is  a  surface  ship),  with  the  purpose  of  receiving  and 
recording  on  magnetic  tape  the  signals  transmitted  from  the  radio-buoy 
and  controlling  the  quality  of  them. 

d>  Signal  analysis  subsystem,  located  on  land,  utilizing  part,  of  the 
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i  ■  j!j  l..;  i  t  1  •  '11  subsystem  ind  an,  dF- 1  :!<  *  >  computer. 


,  .  -  It;-wut»*r  : : 1 1 r ■ : ; v : ; t  .  -m 

F,,-.l  sh  <w;  *  he  t>  ir.ic  s<.  hen.in  r  configuration  of  the  in -water  '  subsystem 

st.  wn  for  .'ct'r.it  mi:  on  a  t.vpic.al  bottom  of  /no  meters  depth.  It  consists  of 
'  «tn.rin»!K  A The  hydrophone  station:;  (H  ,H„,H  ■  and  H  I  are  suspended 
fr  >m  .tswini:;'  A  and  H  as  indicated  in  the  diagram  and  at  the  required 
depths.  It,, if  aroi  are  called  Beam  hydrophones  and  is  called  Track. 

The  range  ccnfigur at  ion  is  flexible  so  that,  starting  with  the  basic 

configuration  in  Fig. I,  it  can  be  adapted  for  either  surface  ships  or 

submarines  or  changed  according  to  marine'  currents  or  to  the  bottom  depth 

on  which  the  system  must  operate.  For  operations  with  submarines  hydrophone 

H  is  nc.t  used. 

4 

The  composite  structure  of  the  cable  enables  the  position  of  the  hydrophone 
stations  to  be  'changed  and  also  to  intervene  on  each  connecting  electric 
cables  separately. 

Moorings  A  and  H  both  have  a  Release-Transponder  unit  (RT)  suspended  at.  a 
depth  of  lOomt.  These  units  act  as  an  acoustic  responder  and  free  the 
moorings  when  receiving  an  appropriate  acoustic  control  signal. 

The  two  moorings  A  and  B  are  anchored  to  the  bottom  (AN  in  the  diagram). 
They  are  supplied  with  two  buoyancy  units  and  connected  together  at  the 
Connection  Unit  (UC)  by' means  of  a  hydrophone  cable  (CAB-3).  Mooring  A  is 
connected  to  the  Hadio-buoy  by  means  of  a  Vibrating  Insulation  Module  (VIM) 
that  has  the  purpose  of  isolating  the  buoy’s  oscillations  from  the' mooring 
and  by  the  piece  of  cable,  CAB. 7,  which  also  has  a  damping  function. 

•The  radio-buoy  contains  the  electronics  (EL)  necessary  for  the  conditioning 
the  hydrophone  signals  and  for  the  transmission  via  radio  link  of  the 
signals  and  reception  of  commands  from  the  assist  ship  to  the  buoy. 

The  radio  buoy  is  easy  to  connect  .and  disconnect  from  mooring  A  in  case  it 
is  required  to  disactivate  the  range  and  leave  it  ir.  the  sea  for  a  period 
of  time. 

The  radio  buoy  is  about  b  meter  high  above  the  sea  surface  to  make  it 
visible  from  a  distance  both  optically  by  periscope  and  by  radar  (this 
applies  also  to  the  marker  buoy).  Oscillations  due  to  sea  motion  are 
limited  within  the  vertical  aperture. of  the  trans'mitting/receiving  antenna. 


Cf'RMCH  \  Vf  ?  'OR! 


CERHICH  &  VET. OR I :  Mobile  range 


particularly  relevant  for  operations  with  a  subrurmr. 

Kapi.l  electroacoustic  calibration  in  situ  of  • the  various  hydophoue 
channels. 


i  possibility  ol  measuring  precisely  the  distance  between  the  test  vessel 
and  each  hydrophone. 

e  Activation  of  the  release  function  of  the  transponders  for  recovery  of 
the  at-sea  equipment. 


.'.4  -  On-land  analysis  subsystem 

Via. 4  is  a  block  diagram  of  the  subsystem.  It  enables  the  following 
operations  to  be  carried  cut  for  each  hydrophone  channel. 

a  Hiconstruction  of  the  distance  between  the  test  vessel  and  the 
hydrophone  and  choice  of  the  sections  of  the  rm  to  be  used  for 
signature  data. 

It  makes  use  of  aome  of  the  components  of  both  the  acquisition  and 
navigation  subsystem. 

b)  Analysis  and  signature  in  1/3  octave  bands  from  10  to  40000Hz. 

c)  Narrow  band  analysis  and  signature  between  5  and  5000Hz. 

d)  Compensation  for  the  effects  of  surface  and  bottom  interference. 

e)  Calculation  of  statistical  averages. 


3  - ' ANALYSIS  OF  SOMT  CPITICAL  DESIGN  PAPTS 

The  performances  md  reliability  of  a  mobile  range  is  a  large  number  of 
factors  ar.d  operations.  While  setting  up  the  system  it  has  been  found  that 
after  designing  the  date  telemetry  and  vibration  isolation  of  the 
hydrophones  the  mo«t  challenging  problem*  to  solve  were: 

*  Measuring  hydrophone  positions  in  the  range. 

*  Navigation  accurancy  and  nife ty  of  veaaal  navigating  inside  the  range. 

*  Launching  and  recovering  of  at-sea  equipment. 

*  Compensating  of  surface  and  bottom  interference  in  the  measurements. 
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•  (m!  i,'!  the  :»«»!  ut  inn  b** t rig  implemented  of  the  above 


:•  ■■  i  ...  •  x;  ■'••■!  -ha*  . » ti  anv  |  *-r  it  lon.i!  area  a  current  Mill  be 

I'  t  : r .»•  tfi.-  i  iv-<>nt  .if  ran  >r  lhgs  !  r  .m  a  straight  line.  In  the 

.  •  a  •  i  t„i..  i 'i:,<-  i  to  .jiraetiM  n  buoyancies  and  .anchors 

i.r.  ••  p;  lift;  .*>  ind  'imnii.y  iJeform.it ion  of  mourifu;:;,  hut  irt 
;  :  •  i*  !•■:  rir  t  *  ;  -  n  <•  ir.r..-  t  b>*  totally  ej  iminatei).  . 

1  •  >  i'(  .  •  ii,,!  ..how  the  .Je  format  ion  of  mooring  A  and  ft  when,  it 

:  t  i  pur  i."  :  r  in  *ffe<  ted  by  t.ie  following  current  profile: 

it.  fa  !  fora  •  ♦  ■  ;  me  or; 

i-.n  *:•  r.  *  h>-  to  *  t  •  -m;  1  • 

.  .  :.e,ir  1  •,  !•■-  ,;-••  g, ;  :.,g  *,*.?weer  l11'1  me’ers  and  the  bottom. 

tig.  and  '  'he  current  is  assumed  perpendicular  to  the  phase 

nx  ring  A  ,m  1  !• ;  in  hi  • .  ’  the  current  is  assumed  parallel,  to 

•hi--  plane. 

from  fig.  K'  arid  it  an  be  observed  that  fhe'c  is  an  offset  between  the 
•xis  of  base1  line  H.-H,  and  the  axis  of  base  line  joining  the  two 
* r  inspt. ders  used  for  navigation  of  the  vessel  under  test . 

Therefore  m  order  to  navigate  the  ship  isider  test  over  H  (TRACK 

4 

Hydrophone,  the  offset  must  be  taken  into  account.  It  ran  be  observed  that 
for  navigation  purposes  inly  the  offset  in  the  Y/Z  plane  is  relevant. 
■Therefore  a  simple  last  mean  square  algorithm  is  used  to  estimate  precisely 
the  projections  on  plane  Y2  of  distances  between  H  t  H  >t  H >t  and  the 

two  transponders.  Measurements  are  taken  from  the  assist  ships  before  the 

vessel  under  test  starts  a  measurement  run.  Estimated  navigation  accuracy 
over  H  is  of  the  order  of  b  meters. 


3 . 2  -  Observations  on  the  test  vessel's  navigation  system 

Reference  is  made  to  fig. 8.  This  diagram  represent*  an  example  of  the 

positions  on  the  horizontal  plane  of  the  buoys  (B  » radio  buoy)  the  two 

responders  RT  and  RT  and  the  hydrophones  H  an  cl  H  at  the  heed  of 
1  g  14 

moorings  A  and  B  respectively.  Because  of  the  deformation  caused  by  the 
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current  H  ,in<i  H  arc  di'spl.iced  with  rcr-pcct  to  HT  and  PT  . 

1.1  •  1 

The  navi  Kat.  i  on' <>f  the  test  vessel  will  have  several  phases  (see  Kig.81: 


a  : 


A  Pi .  r*  ac  h 
Th»  * est 
course  in 
passing  t 
This,  phis 
case  i>!  a 


and  radar-.ipt  i  ra  !  alignment. 

vessel  "sees”  the  two,  buoys  R  and 

1 

correspondence  to  the  radar  axis 
hrough  the  n.dpoint. 


H  and  sets 

) 

perpendicular 


an  appropriate 

to  R  -B  and 
1  ? 


e  precedes  the  use  of  the  acoustic  navigation  data  and,  in  the 
submarine,  takes  place  at  periscope  depth,  before  diving. 


tl  Approach  and  acoustic  alignment,. 

The  test  vessel  mixlifies  its  course,  moving  into  the  acoustic  navigation 
axis  by  utilizing  the  data  supplied  by  the  HP-98  16  computer. 


>  Mair.ten.anc"  of  the  course. 

The  test,  vessel  must  be  on  the  correct  course  -ome  time  before  reaching 
the  maximum  distance  W  at  which  radiated  noise  measurements  begin.  (DM 
is  ahixit  K’-'V'mt  for  RTj -PT  A'Omt  and  minimum  aspect  angle  of  10°  ). 

The  test  vessel  continues  on  its  course  with  small  corrections,  as 
indicated  by  the  computer,  up  until  the  end  of  the  course  (a  distance  DM 
beyond  the  range!. 

U  Manoeuvre  for  moving  away  with  an  eventual  return  towards  the  range  from 
the  opposite  side,  repeating  the  above  mentioned  operations. 

The  following  observations  should  be  made  regarding  navigation  across  the 
range. 

-  oafe  navigation  for  the  submarine. 

The  navigation  system  must  ensure  a  100%  non-interference  with  'the 
structure  of  the  range.  The  system  has  been  designed  to  offer  this 
safety;  it  has  infact  been  verified  that  when  the  distance  between  the 
anchorages  is  JOOMt,  the  deformation  of  the  range,  even  under  the 
influence  of  inuaual  current  conditions,  leaves  ample  space  for 
navigation. 

Moreover  the  system  supplies  the  date  with  a  precision  far  superior  (lm) 
to  that  required  to  ensure  the  non-interference’. 

-  Validity  of  the  measurement. 

The  moat  critical  case  ta  the  passage  of  a  surface  ship  across  the 
hydrophone  track  ( ) .  The  assist  ship  should  pass  above  the  hydrophone 
H  with  an  offset  error  not  greater  than  the  width  of  the  surface  vessel. 
Thie  can  be  achieved  by  means  of  the  proposed  system  that,  owing  to  tha 
coabination  of  high  precision  measurements  with  filtering,  allows  one  to 
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:  ’  a  ! t  h>-  t'cqu  i  r*-d  pn'cir.ii'n. 

‘ •  :  .iv  :or,  ttys*  »t>  it  i  1 1  z*»s  hardwire  a)  ready  widely  tested  both  for  its 
:  •;  n;»  ;  t  y  ar.-l  reliability  m  the  offshore  field  and  suitably  adapted  to 

•  ,  .  .  ,[  j  ;  j  at  j  on . 

.••  sse!  nay  navigate  at  maximum  speed  <  JO  knots)  provided  that  the 

•  :  .  -  :  ,»t  the  transducer  installed  on  the  test  vessel  is  contained 

A.  ’tie  wstabi  t  :.hed  limits. 

;•  .  .  ..n.-n  •  r.  installed  on  the  range  that  are  required  for  the  navigation,  of 

•  ■  y are  the  two  responders  HT  and  -RT  consisting  of  the  RT 

i  ns  *  a !  !  eii  as  shown  in  Kig.8  and  defining  a  system  of  cartesian 

•  ! ;  :.a  t  es . 

•  • :  ir  •  r  jr.  lers  are  the  reference  points  with  respect  to  which  the  test 

e  ,  .e.  air  j i a t es  its  position.  To  do  this  the  test  vessel  interrogates  the 

*«  'ransponders  hT  and  RT  at  a  frequency  f  ;  these  respond  at  different 

I,;,,,,  f  and  K  .  •  ■’  1 

1 

*>.,  •»:it,  vessel  receives  the  two  responses  and  recognizes  the  two  units  on 

•h-  tas.:?  o?  their  frequencies.  Using  the  time  intervals  between 
if  lor,  and  response.  Instances  and  between  the  test  vessel  and 

*  ir,  i  *  he  test  vessel  and  HT  are  measured. 

Tt<-  p  :  t  i  on  of  the  test  vessel  is  found  from  the  distances  R  and  The 

HE  <'•!>•  computer  elaborates  this  information  by  numerically  filtering, 
.■lifering  is  used  to  eliminate  the  effect  of  the  delay  in  the  estimation  of 
,f  r.e  p  >s  1 1  i  on  caused  by  acoustic  propagation  time,  to  estimate  the  direction 
ml  velocity  of  navigation  without,  the  necessity  o'-  a  gyrocompass  and  log 
and  o  reduce  t.he  effect  of  measurement  errors  on  the  global  precision  of 
*he  svstem. 

Errors  are  essentially: 

-  Error  in  the  measurement,  of  the  delays  due  to  variations  in  the  sound 
speed. 

The  effect  is  minimized  by  estimating  the  appropriate  average  value  from 
t lie  temperature/velocity  profile. 


-  An  intrinsic  error  in  the  measurement  of  the  time  delays  due  to  the 
instruments  used  for  the  measurements. 

-  Error  in  the  estimation  of  the  transponder ’ positions. 

The  preliminary  measurements  for  estimating  the  precisian  of  the  system 
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this  error. 


•  x'ensive  simulation  -study  has  been  carried  out:  in  order  to  calculate 

,■.  !  )!  errors  in  the  positioning  of  the  navigation  system..  These  have 

. !  *o  ti*-  of  the  order  of  1  meter  relative  to  RT  and  RT  .  The 

1  2 

*:  r.irij'  1  the  navigation  system,  including  the  operator,  has  also  been 
,.i  i’"  l  in  <  r  ler  to  verify  the  ease  with  which  it  can  be  used.  •  Fig.1)  is 

•  xa-’|  ie  !  this  simulation  showing  graphically  the  horizontal  plane 
t .titling  the  range 


'.RT  and  RT 
1 


"he  v  axis  represents  the  navigation  axis  desired  V  ,  X  ,  Y  and 

o  o  o  '  o 

represents  respectively  the  speed,  the  coordinates  and  the  heading  of  the 
test  "essel  measured  with  respect  to  the  Y  axis  at  starting  point.  The 
r osses  are  the  successive  positions  of  the  vessel  estimated  by  the  system. 
The  system  also  supplies  numerically  the  successive  X  and  Y  values  together 
with  the  angle.  The  solid  curve  represents  the  real  course  of  the  test 
vessel. 


3.1  -  Launching  and  recovering  of  the  system 

The  method  for  launching  and  recovering  the  range  has  beer,  designed  to 
operate  with  an  assist  ship  provided  with  one  derrick,  one  winch  and  two 
auxiliary  craft  (rubber  dinghies). 

To  carry  out  the  operation  with  the  above  hypotheses  and  the  limited 
manoeuvring  capability  of  the  assist  ship  the  sea  state  must  be  less  or 
equal  to  2  and  the  direction  of  the  wind  must  be  constant. 

The  procedure  for  launching  the  moorings  A  and  B  is  a  combination  of  the 
"anchor  first"  and  "anchor  after'  methods:  each  mooring  is  launched  in  two 
sections  as  shown  in  Fig. 10  (the  bottom  Setting  lowered  in  depth  and  the 
top  section  floating). 

The  submerged  sections  are  suspended  from  a  reinforced  balloon  and 
connected  by  means  of  a  rapid-release  hook. 

The  two  moorings  A  and  B,  as  shown  in  Fig. 11  are  then  spaced  apart  so  that 
there  is  the  desired  distance  between  them  (about  200mt).  The  rubber 
dinghies  are  used  to  Join  together  on  the  surface  the  two  section  of 
connecting  hydrophone  cable  together  with  the  sinker,  kept  temporarily  on 
the  surface  by  means  of  a  suitable  balloon. 

The  rubber  dinghies  are  used  to  uncouple  the  two  supporting  balloons. 
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F.-r  n'covprv,  the  assist,  ship  activates  acoustically  the  uncoupling  of  the 
"■K'-ring  A  releaser  and  subsequently  that,  on  mooring  B.  The  rubber  dinghy 
takes  the  radio-buoy  back  to  the  assist  ship  and  recovery  on  board  begins 
according  to  the  sequence:  radio-buoy,  mooring  A,  mooring  B. 

An  emergency  recovery  method  has  been  foreseen.  This  would  take  place,  with 
*  he  help  o!  divers  and  only  in  the  unlikely  situation  in  which  one  of  the 

re  leasers  doesn’t  work. 


-  simpers  at  i  n  fir  the  effects  of  surface  and  bottom  interference 

In  order  to  calculate  the  acoustic  levels  at  the  reference  distance  of  1 
me*  r»-  from  th**  source  using  the  measured  levels,  it  is  necessary  to  know 
•fie  propagation  loss  between  test  vessel  and  hydrophone. 

ai’hin  • he  geometric  conditions  foreseen  for  the  range,  such  losses  can  be 
modelled  using  the  classical  law  (spherical  divergence  ♦  absorption  minus 
♦he  incoherent  contribution  of  the  surface  .  reflections)  only  for 
(reijuenr.ies  above  lKHz.  For  lower  frequencies,  the  difference  between  the 
r ropagat i on  model  required  and  the  classical  model,  becomes  greater  (and 
hen c e  also  compensat i on  1 ,  the  lower  the  frequency. 

The  order  of  magnitude  of  the  systematic  error  by  utilizing  the  above 
classical  model  can  be  of  10-lhdb  for  frequencies  of  hundreds  of  Herz  and 
d'  ll-k'dB  for  frequencies  below  100Hz. 

This  error  is  caused  by  interference  formed  at  the  hydrophone  between  the 
direct  sound- field  and  the  surface,  reflected  and  bottom  reflected  fields. 
The  bottom  reflected  field  depends  upon  the  frequency  md  the  geometry  and 
nature  of  the  bottom. 

A  preliminary  study,  conducted  in  cooperation  with  Mr.  Schmidt  (Salcantcen) 
using  models  NISSN  and  FFP,  on  propagation  over  a>  reflecting  bottom  has 
indicated  that  for  frequencies  above  1000Hz  compensation  tor  incoherent 
addition  of  surface  and  bottom  contribution  and  averaging  over  values 
obtained  from  the  '3  hydophones  (spacial  diversity)  gives  a  reliable  result 
if  bottom  characteristics  are  known. 

For  frequencies  below  1000Hz  there  la  no  simple  rule  available.  Some 
modelling  work  has  been  started  and  shall  be  verified  in  known  areas  using 
the  range  itself, 

4  -  CONCLUSION 

The  system  must  be  delivered  for  acceptance  test  in  summer  *85.  Sea  trials 
are  also  foreseen  in  order  to  verify  at  sea  operations  of  the  various  parts 
of  the  system  in  Fall  '86. 
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mg.i  -  a t-sea  subsystem.  basic  conk icuhation 
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DISCUSSION 


A.D.  Stu.ir*  (United  Stales):  Does  the  me.isurement  range  h^ve  the  .ibility 

to  monitor  the  aspei t  angle  n|  the  "target"  or  "tesl"  vessel,  as  well  as 
its  ran  Re"  It  so,  how  is  tins  to  lie  <ione? 

h.  Cevnivh:  Mon:torniR  equipment  installe<l  on  hoard  the  assist  ship  does 

not  have  the  capability  to  moiutoi  t  h<  aspei  t  ot  t  ne  test  vessel.  However, 
the  estimated  aspei  t  aiiRle  ot  the  test  vessel  ran  lie  made  available  on-line 
onboard  the  test  vessel  by  reference  to  the  transponders'  base  line;  ashore 
it  van  be  measured  hy  reference  to  t  he  hydrophone  Hl-HA  baseline.  Real¬ 
time  ranges  to  hydrophones  HI  and  IIA  are  (  on  t  i  niious  I  y  d  i  sp  1  ayed  on  board 
he  assist  ship. 


A.W.  George  (United  States):  Does  the  on-hoard  mouitorinR  (quirk-look) 
system  have  range  correction? 

K.  Ornirh:  Ranges  are  measured  direct  to  the  two  transponders.  On  hoard 
the  assist  ship  ranges  to  hydrophones  HI  and  HA  are  directly  displayed, 
thereby  providing  correct  ranges  to  the  above  hydrophones. 

C.C.  Leroy  (France):  Is  there  any  security  danger  in  transmitting  the 
received  signals  by  radio? 

E._Cermch:  The  need  to  avoid  broadcasting  the  data  was  taken  into  con¬ 
sideration.  We  should  not  forget  that  the  transmitting  and  receiving 
antennae  are  operating  over  the  sea  surface.  By  an  appropriate  choice  of 
the  transmitting  frequency,  the  vert, cal  directivity  pattern  of  the  trans¬ 
mitting  antennae,  and  the  transmitter  output  power,  the  surface  reflection 
allows  the  useful  reception  distance  from  the  buoy  to'  be  limited  to  a  range 
of  about  one  mile  centred  at  one  mile.  i 
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